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Abstract 


The basic ideas and concepts of one of the newest 
branches of radar, that ef passive radar, are discussed. 
A great deal of attention is devoted to questions of 
the use of passive radar by the armed forces. The 
physical fundamentals of passive radar, and the prin- 
ciples on which the construction of passive radars 
for different purposes are based, are elucidated, 
Examples of target characteristics, and the very 
simplest of calculation methods for making an approxi- 
mate assessment of the service capabilities of passive 
radars, are cited. The materials contained in the 
book are from open Soviet and foreign sources. It 
is written for officers involved in the operation and 
combat u'e of radio engineering equipment, as well as 
for students in milita:y schools. The book is of . 
interest as well to other readers interested in modern A 
radar equipment, 
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INTRODUCTION 73 


The headlong devclopment of radio electronics in recent years has 
led to the perfecting of existing radio engincering equipment, and to 
the appearance of completely new types of equipments as well. One such 
new type of radio engineering equipment is the passive radar, or as it 
still is called, passive thermal radar, 


The passive radar is, in many respects, similar to the conventional 
radar. Like the latter, passive radars are designed to detect distant 
objects, and to fix their coordinates. The passive radar also is 
similar to conventional radar in the accessories used. Passive radars 
use antennas and receivers in the centimeter and millimeter bands, just 
as do conventional radars. 


There is, however, one important difference, and it is this differ-~ 
ence that places passive radar in a separate branch of radio electronics. 
This difference is associated with the nature of the radio-frequency 
(r-f) radiation used. Conventional radar makes use of special oscillators 
(magnetrons, power klystrons, and so on), but passive radar uses the | 
natural r-f radiation from the target. This natural r-f radiation is | 
thermal] in origin in the majority cf targets. It is this radiation 
that has come to be called thermal radio radiation, and this, in turn, | 
has led to the coining of the term "passive radar." 


Thermal radio radiation is inherent in all bodies with temperatures /4 
above absolute zero.* The characteristics of this radiation, intensity, 
spectral makeup, and degree of polarization, will depend on the physical 
properties of the radiating body in absolute terms, 


A passive radar thus can detect and fix the coordinates of the 
majority of natural and artificial bodies, and also can investigate 
their physical properties. 


All of this is what makes pasSive radar an effective weapon for 
remote observation and monitoring. 


Foreign military specialists velieve that the combination of abso-.: 
lute secrecy and all-weather capability give passive radar definite 
advantages over conventional rad.r and the infrared (IR) technique. 

The intense development of measures designed to counter radar and IR 
equipment even further enhances the role of passive radar for military 
use in radio electronic complexes. 


Foreign countries have built airborne passive radar for ground 
scanning, as well as navigation equipment for aircraft, warships, 
submarines, and spacecraft. Passive radar for guided missile homing, 
as wel) as certain other types of military passive radars, are in 
the experimental staqe. : 


‘Absolute zero (zero temperature on an absolute scale) corresponds to 
a temperature of -273.1° on the Celsius scale. All temperatures in 
what follows will be given on the absolute scale. 
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Moreover, thermal radio radiation methods are coming into practical 

use in conventional radar operation, They have, for example, proven to 
oan be very convenient for calibrating and tuning the antennas of ground 
{ ' yadar stations by using thermal radio radiation from natural sources. 


Passive radar can be used to perform many national economy tasks, 
‘and in research, in addition to military uses, 


These tasks can include, among others, ice reconnaissance, geo- 
logical, geophysical, and meteorological research, and the detection 
of forest and underground fires. Passive radar methods are widely used 
in experimental physics, particularly in the study of plasma. Ls 


Passive radar appeared at the end of the 1940s. The rapid progress 
in the field is in no small way due to the efforts of Soviet scientists 
and engineers. 


Professor S. M. Rytov, for example, undertook fundamental research 
in the field of the theory of shermal radio radiation. A. Ye. Basharinov 
provided the answers to a numb2r of important theoretical questions 
dealing with passive radar. V. S. Troitskiy, L. T. Tuchkov, and a 
number of other Soviet researchers, were involved in research in thermal 
radio radiation from the terrestrial surface and atmosphere. F. Ve Bunkin, 
V. V. Vitkevich, N. V. Karlov, A. A. Krasovskiy, A. G. Kislyakov, V. S. 
Troitskiy, N. M. Tseytlin, B. M. Chikhachev, and other Soviet scientists, 
made a great contribution to the theory of the reception of thermal radio 
radiation. 





( The physical principles of passive radar are summarized, functional 

; diagrams of passive radars are described, as are the schematic features 
of the equipment, and recommendations are made for modifying radar 
receivers to r-ceive natural r-f radiation. The concluding section of the 
book contai.s a survey of modern models of foreign equipment. Their 
military capabilities are described, and questions of the military and 
economic use of passive radar are considered, 
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A. G. Nikolayev wrote the sections on "Thermal Radio Radiation," 
"Passive Radar Methods,''and "Use of Passive Radar." A, G. Nikolayev 
and S. V. Pertsov collaborated on the section on "Reception of Thermal 
Radio Radiation." 


Th2z book has shortcomings, of course, so suggestions and comments 
by readers will be appreciated, 





: The authors wish to express their thanks to all those who took 
part in discussing the manuscript, and to G. G. Khomenyuk, for his 
help in its organization, 
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le Thermal Radio Radiation L6 


The Physical Essence of Thermal Radiation and its Laws 


The fact that a body, when heated to a high temperature, will radiate 
light, has been known since antiquity. Modern instruments, used to ob- 
serve radiation, have established that heated bodies, in addition to 
light waves, radiate longer, infrared, waves. Scientists also have 
detected ultraviolet radiation, the wavelength of which is shorter than 
that of visible and infrared radiations, from these bodies, And by the 
end of the last century the physical nature of thermal radiation had 
been elucidated. As is known, any substance, solid, liquid, or gaseous, 
has associated with it a great many charged particies, electrons and 
positive ions, in addition to electrically neutral particles. These 
particles are in constant chaotic motion, and their mean velocity is 
greater the higher the temperature of the substance. The charged particles 
constantly collide with each other as they move about, as well as with 
neutral particles. The result of these collisons is to convert some of 
their kinetic energy into electromagnetic radiation energy. The velocity 
of the particles is somewhat reduced thereby. 


Thus, the kinetic energy of the particles, which is proportional to 
the degree to which the body is heated, is partially converted into 
electromagnetic field energy. A very great many of the chaotically 
colliding particles take part in the generation of thermal radiation. 

A greater number of collisions take place at certain times, a lesser 
number at others. The kinetic energy also differs at different tiines 
as it is being converted into radiation. 


So it is that radiation intensity is changing constantly, but Ll? 
the magnitude and rate of such change cannot be predicted accurately. 
The same can be said of the spectral composition of the radiation. 
Because the frequency of the radiation occurring during the deceleration 
of the charged particles depends on their kinctic energy, the magnitude 
of which is different for different particles, radiation intensity at a 
predetermined frequency (spectral density of the radiation) also will 
fluctuate continuously and chaotically. 


So it will be seen that thermal radiation differs from artifically 
generated raciation in that, first, it covers a very broad band of wave- 
lengths and, second, its power and spectral density do not remain con- 
stant, but rather fluctuate continuously. Still, despite the chaotic 


nature of the "behavior" of individual particles, the mean properties 


of a very larac nunber of particles can be calculated with a high degree 
of accuracy. ‘Inese were the methods used to determine the laws of 
thermal radiation. 


One of the most important laws of thermal radiation is the law 
expressing the relationship between the spectral density of the radia- 
tion and its frequency, and the temperature of the radiator. This law 
can be written by the Planck radiation law 
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where 
-34 
h = 6.62 x 10 Jes, is Planck's constant; 


c=3x 10° km/s, is the speed of propagaticn of electro-~ 
magnetic waves; 


A 
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1.38 x 10723 Jedeg, is the Boltzmann constant; 
T in °Kis the absolute temperature of the radiator; 
f in Hz is the frequency; 


R_ is the spectral density of the radiation, equal,to the power 





2 radiated at frequency f in a 1 Hz band by 1m of the 
radiator. 
Figure 1 shows the curves for radiation spectral density as a £8 


function of frequency and temperature. As may be seen from these 

curves, the radiant energy is unevenly distributed over the frequency 

spectrum. The spectral density is a maximum at definite frequencies, 
( decreasing with increase and decrease in the frequency. 
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Figure 1. Spectral density of an ideal radiator as a function o 
frequency and temperature. ' 


The frequency at which the spectral density is a maximum can oe 
found from Wien's Jonnula 


5 
f «= 1.03 x 10°T, Milz (2) 
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What follows from the figure and Bq. (2) is that the spectral density 
maximum occurs in the band of optical and IR waves in the case of 
radiators with a temperature higher than ambient, The spectra? density 
is less than the maximum by a factor of a thousand in the centimeter 
and millimeter bands. 


The spectral density increases with increase in temperature at all 
frequencies, and what this means is that the total radiation power also 
increases. Summing spectral density on all frequencies, one obtains a 
formula for thermal radiation power over the entire band of electro- {9 
magnetic waves 


Ps ot! ar 


where 


W/andug", is the Stefan constant. 


o = 5.71 x 10° 

The summed power of the thermal radiatio:. can be very great, but 
very little of it falls in the r-f region. The ideal radiator with an 
area of 1 m@ will radiate power equal to 478 W at ambient temperature. 
The maximum spectral density will occur at a wavelength of 9.6 uw. The : 
power radiated on wavelengths longer than one mm will be 8 mW in this 
case; that is, a little more than one-tiiouSandth percent of the total 
power. The part of the power that can be perceived by a receiver is even 
less because modern receivers cannot simultaneously receive signals over 
the entire radio engineering band. Some of the power in the example cited 
that can be perceived by the receiver lies in the limits from 20 LW to 
2-3 mWe The percentage of the power falling within the r-f band will 
decrease with increase in the temperature of the radiator because the 
spectral density in the IR and light wave region increases far and away 
more rapidly than the power spectral density in the radio cngineering 
band. However, despite the relatively low power of thermal radio 
radiation, the latter can be picked up at greater distances than the 
more powerful IR and light radiation, thanks to highly sensitive modern 
radio receivers, and low attenuation of radio waves in the atmosphere. 


It should be pointed out that Eq. (1) is valid only for the ideal 
radiator, the so-called absolute black body (ABB). The spectral density 
is lower for all rea] radiatcrs than for the ABB heated to the same 
temperature. However the following formula can be used to calculate 
the spectral density for a real radiator from the known ABB spectral 
density 


Re aKa: (3) 


where 
Ris the spectral density for a real radiator; 
a< 1 is the coefficient of absorption, indicating the percent- L10 
age of incident irradiation flux the particular real 


radiator absorbs if it irradiates on the sane frequency 
as that. on which the spectral density is determincd. 
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Eq. (3) is the mathenatical description of ‘Kirchhoff's law estab- 
lishing the relationship between the properties of radiation and absorp- 
tion; the better the body absorbs radiation on some frequency, the greater 
will be the spectral density on the same frequency. Thus, the ideal 
radiation, the ABB, also is the ideal absorber. 


Special Features of Therma] Radiation in the R-F Region 


Thermal Radio Radiation as a Field of Noise Currents, 


Let us consider the special ceatures of thermal radiation in regions 
of radio waves (which, for purposes of simplicity we shall refer to simply 
as thermal radio radiation in what follows). First of all, we should 
point out that there is absolutely no need to use the cumbersome Planck 
formula to calculate spectral density in the centimeter and millimeter 
bands. In fact, the coefficient of the power of numbere [see Eq. (1)] will 
become very small at frequencies in the r-f region. When f = 100,000 MHz 
(wavelength 3 mn) and T = 400°, hf,/kT -» 0.012, for example. Using the 
known approximate equality 


etm 1 -Lx, 


which is valid when x < 1, the Planck formula can be readily reduced to 
the form 


(4) 
Ry == ~ kT, ; 


where 
A is the wavelength of the radiation. 


We have obtained the Rayleigh-Jeans formula, use of “hich will result 
in a quite accurate evaluation of the spectral density in the centimeter 
and millimeter bands for bodies with a temperature higher than 100°K, 


As may be seen from this formula, the power of thermal radio 
radiation is directly proportional to the radiatur temperature, and fi 
inverscly proportional to the square of the wavelength. 


Thus, it is more advantageous to use wavelengths in the millimeter 
and submillimeter regions than wavclengths in the centimeter and deci- 
meter regions, in which radiation is much weaker, for the passive radar. 

Let us now pause to examine one notable feature of Eq. (4). The 
fact is that the sccond factor on the right side (kT) is equal to the 
spectral density of the power of the thermal noise currents in the 
pure resistance 


G. = kT. (5) 


This is not coincidental. However, befe> explaining it is 
necessary to pause bricfly to consider certain properties of the thermal 
noise of pure resistances. This noisc can be generated in any pure 


resistance, and its spectral density is constant from very low frequencies 
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to frequencies in the millimeter and submillimeter regions. Thermal 
noise currents are created in any nonideal conductor, and are the result 
of chaotic thermal motion of elementary charged particles. Noise such 

as this appears on PPI scopes in the form of characteristic unordered 
flickering points, and is reproduced at the outputs of radio broad- 
casting and comnunication receivers as a uniformly weak noise that can be 
heard quite well in the absence of the main transmission, 


Thermal noise is generated only by pure resistance. Ideal con- 
densers and induction coils do not generate noise currents. It isa 
known fact that pure resistance is capable of liberating heat when 
current flows; that is, electrical energy is converted into thermal 
energy. This means that inherent in pure resistance should be the 
reverse property, the capacity to partially convert thermal energy into 
electrical. 


But any h-f current creates a field of electromagnetic radiation. 
At this point we are approaching the explanation of the resemblance 
between Eqs. (4) and (5). It is obvious that thermal radio radiation 
is the field of thermal noise currents flowing in the thickness of 
the radiation body. 


This can even be confirmed by the fact that the factor om/r2, on the 
right-hand side of the Rayleigh-Jeans formula is equal to the factor in 
the formula for the radiation power for the elcmentary antenna, the 
length of which can be less than the radiation wavelength 


ey 


ant 





= I 
DA kK, 





where 


Peat is the power radiated by the antenna; 


I is the antenna current 


ee : 


.. is the proportionality factor. 


A simplified model of thermal radio radiation therefore can be 
presented in the form of the summed radiation for a great many tiny 
elementary antennas supplied by the noise currents distributed over 
the volume of the radiator. 


Since the cause of thermal radio radiation is SHF noise currents, 
the intensity of the radiation consequently should depend cn the electrical 
propertics of the substance of which the radiator is made, its con- i 
ductivity, and permittivity. The conductivity of the substance will, | 
to a considerable degree, determine its absorbing propertics, and, as 
has been pointed out above, the better the body absorbs the energy of 
extrancous radiation, the better a thermal radiator it is. 
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High-quality dielectrics, for example, have very little conductivity, 
so their thermal radio radiation is slight. Antiradar coatings, which are 
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capable of almost conpletely absorbing UNF radiation incident upon them, 
have much greater conductivity (at ultrahigh frequencies), so the intensity 
of their thermal radio radiation is higher, as compared to all the other 
materials, and approaches the intensity of ABB radiation. 


But the intensity of the thermal radio radiation depends on some- 
thing other than the absorbing properties of the radiator material. Some 
of the radiation issuirg from the depths of the radiator is reflected 
from its surface, and is once again converted into heat. This reflection 
is greater the greater the permittivity of the radiating material, 


The magnitude of the reflection will, moreover, depend on the £13 
angle of incidence of the radiated waves, and on the type of polari- 
zation. These relationships can be written mathematically by the 
Fresnel formulas 


. 
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where 


P° is the coefficient of reflection of the component of the 
radiation with horizontal polarization; 


op 0 isthe same, but for the component with vertical polarization; 
€ is the permittivity for the radiator material; 


6 is the angle of incidence of the radiation. 





Figure 2. Reflection from the inner surface of a flat radiator. 


The intensity of the thermal radio radiation departing the limits 
wi)l differ in different dircctions, because cf the dependency of the 


magnitude of the reflection on the angle of incidence and type of 


polarization, and will depend on the type of polarization (Figure 2). 
Accordingly, unique radiation patterns are formed at the radiator, and 
are different for the components of the radiation with vertical and 
horizontal polarizations. 


As may be seen from Eq. (6), the cocfficient of reflection (8) 


will equal zero at a predetermined angle of incidence, 9. The whole of 
the vertically polarized part of the radiation in this direction there- 
fore will leave the radiator, The angle Oo at which p (8) = O, is 


-9- 
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called the Brewster angle, and its value can be found from the formula 
cig 0-=)/e. (7) 


Both coefficients, po and pe, increase with decrease in the angle of /14 


incidence. The coefficients equal unity when the angle of incidence is 
zero. The radiation in the direction parallel to the surface of the 
radiator therefore will be zero, and there is total internal reflection 
(Figure 3). 





Figure 3. Coefficients of reflection as a function of the angle of 
incidence. 


The dependence of radiation intensity on directions, as described, 
is valid for ideally flat radiators. The dependence of the level of 


radiation on the direction is smoothed in the case of radiators with 
uneven surfaces (Figure 4). 


Dy 


Figure 4. Reflection from the inner surface of a non-flat radiator. 





Eq. (6) and Figure 2 are valid only for poorly conducting radiators 
with dielectrical properties. Good conducting radiations, metal ones, 
for example, have a coefficient of reflection close to unity, so the 
intensity of their own thermal radio radiation is very low. 





uantitutive Characteristics of Thermal Radio Radiation  — £5 
The spectrai density of real bodies depends on two physical prop-~ 


erties; the cocfficient of absorption, a, and the absolute temperature, 
T. Operating with two different properties is not always convenient, 
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particularly when it is necessary to compare different radiating bodies 
(targets) with each other, This is why it has come to be accepted to 
use only one magnitude in passive radar, one equal to the product of 

( the coefficient of absorption and the absolute temperature 






T= of. (8) 





The magnitude T, is called the radio brightness temperature of the particular 
radiator. It is equal to the absolute temperature of the ideal radiator 
generating radiation of the same spectral uensity as that of the given 
radiator. Although the wavelength does not enter into the expression i 
for radio brightness temperature, as distinguished from the spectral 
deusity, as a practical matter the radio brightness temperatures of cer- 

tain bodies and objects can depend on the wavelength because of the 

influence the wavelength has on the magnitude of the coefficicnt of 

absorption, 
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It already has been pointed out that objects that are good reflectors 
do not generate strong radiation of their own. 


Thus, the radio brightness temperature of metal objects and coatings 
does not exceed 10-20°K, Nevertheless, metal objects can intensively 
reradiate (reflect) thermal radio radiation incident upon them from 
extended (background) sources (the terrestrial surface, clouds). The 


summed spectral density of own and reflected radiation can be written 
in the form 


ott 
* aye oT + pT.) = 757 (9) 


where 
9 is the body's reflectivity; 


T; is the radio brightness temperature of the intensifying radiation; 
Ts is the so-called apparent temperature of the radiator, 


Determined similarly to the radio brightness temperature, the /16 
apparent temperature is equal to the absolute temperature of an ideal ~ 
radiator creating cigenradiation equal to the summed radiation for the 
specificd real radiator. 


But as distinguished from the radio brightness temperature, the 
apparent temperature can be greater than the radiator's absolute tem- 
perature. It is handy to use the valucs of the radio brightness and 
apparent temperatures when comparing different real radiators, 


Calculation of the magnitude of the power radiated by a particular 
object is of great interest. ‘the power of the thermal radio radiation 
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depends on the apparent temperature and on the area of the object, its 
shape, smoothness of the object's surface, and a number of other factors 
difficult to take into consideration. However, these factors can be 
ignored in the case of objects with a simple configuration. The expres- 
sion for radiation power then can be written in the following form 


Yr 


p_ = 2 iTS Af, (10) 


where 
Ss. is the target area; 
Af is the frequency band in which the radiated power is being evaluated. 


Everything thus far discussed has concerned the energy character- 
istics of radiation; brightness temperature, apparert temperature, power. 
But Knowledge of just these characteristics is not enough to evaluate 
the potentials for detecting thermal radio radiation. What still must 
be known in order to do so is required "antenna patterns" for the thermal 
radio radiators, and required antenna polarization to receive the radiation. 


As distinguished from the patterns for radar reradiation, which, for 
the majority of targets, have a jagged lobed structure, the patterns of 
thermal radio radiation are much more uniform, This is quite under- 
standable because the radiation from the target is made up of radiations 
from individual sections that have ahsolutely no dependence on each other. 
There can be no nulls in the patterns of own thermal radio radiation, in 
principle, and it can be taken as a first approximation thac the radio 
brightness temperature of targets with uncomplicated shapes made of [17 
a homogeneous material does not depend on the bearing. This is the 
fact of the matter in the case of area ("background") radiatoi*s with 
unevennesses of surface that are small compared to the wavelength ("rouch" 
radiators). If the surface of the radiator is absolutely smooth, or if the 
height of the unevenness is very much greater than the waveleng.:, the 
radiation factor, and the magnitudes of the radio brightness and apparent 
temperatures as well, will depend on the bearing on which the reflector 
"is viewed" by the passive radar [see Eq. (6)]. | 


Thermal radio cadiation from natural and artivicial objects. Real 
thermal radio radiators (artificial and natura...) often have properties 
that differ greatly from those of the ideal radiator, the ABB. The 
apparent temperature of real radiators therefore can change with change 


Moreover, the apparent temperature of objects also can depend on 
the bearing on which such objects are observed, Finally, the time of 
day, time of year, and meteorological conditions, particularly the 
degree of moisture of the surface of the object, will have an influence 
on the magnitude of the apparent temperature, 


Metal objects are very poor radiators, so their er>parent temper- 


atures will, in the main, be determined by the brightness temperature 
of the intensifying background. Figure 5 shows the curves for the 
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apparent temperature of a metal plate as + function of the angl« at 
which the plate is observed. The curves were constructed from results 
; of experimental study conducted in the 4 mm band. As may be seen from 
( the curves, the radio brightness temperature of the metal plate is no 
more than 10-18°K over the entire band of angles of observation, with the 1 
polished surface radiating more weakly than the unpolished. Nor is there 
any increase in the apparent temperature when a thin coat of paint is 
applied to the plate. The curves in Figure 5 lead to the conclusion that 
a metal plate is a unique "mirror" in which a “hotter" sky can be /18 





reflected. Experimental data cited in foreign literature suggest that 
the apparent temperature of metal objects at ground level is very much 
lower on a wavelength of 8 mm than in the 4 nm band, and does not exceed 
50°K. This can be explained by the lower radio brightness temperature 

of the sky in the 8 mm band. For this reason, the apparent temperature 
of metal ground objects will be even lower in the centimeter band. We 
should point out that the apparent temperature of metal objects has 
virtually no dependence on their physical temperature, so there is no 

way for passive radars to distinguish heated metal objects from cold ones, 
something that can be do:ie with IR equipment, for example. 
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Figure 5. Apparent temperature of a metal plate as a finction of 
sighting angle (wavelength 4 mm). 1 = unpolished metal; 
2 - polished metal; 3 = sky. 


The apparent temperatures of buildings, and various artificial 
structures made of nonmetallic building materials, are considerabl, 
highe: (230 to 250°K). The majority of these materials are dielectrics 
with high losses, so their radiation factor is comparatively great. L19 
Other countrics also are studying radiation from asphalt and concrete 
coatings, the presence of which is a characteristic feature of many 
military, industrial, and transportation objects (roads, runways, 
missile positions, and the like). These coatings are flat, relatively 
smooth surfaces, so their apparent temperature is greatly dependent on 
the augle of observation. Figure 6a shows curves of apparent temperature 
of aspha]t as a function of the angle of observation, 9, on different 
wavelengths. As may be seen from these curves, the apparent temper- /20 
ature of asphalt can take values from 100° to 300°K, The apparent - 
temperature of concrete can vary in the Limits 260°~290°K, 
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Figure 6, 





Apparent temperatures of asphalt, a water surface, and a 
grassy cover as a function of the sighting angle and wave- 
length. (a) asphalt: 1 = A=0.4 on, vertical polarization; 

2 = A=0.4 cm, horizontal polarization; 2a « same, wet asphalt; 
3 - A=3.2 cm, horizontal polarization; 4 - \=3.2 com, vertical 
polarization; . - A=0.8 cm, horizontal polarization; ° - A=0.8 
em, vertical polarization; --- theory; ___. experiment ; 
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(b) water, vertical polarization; 1 ~ wavelength 15-20 cm; 

2 - smooth surface, horizontal polarization; 3 - wavelengths 
5-10 cm; 4 ~ wavelengths 15-20 cm; 5 = smooth surface; 

(c) grassy cover, wavelength 4 mm; 1 - horizontal polarization; 
2 = vertical polarization; 3 - vertical polarization (forest); 


4 — horizontal polarization, wavelength 3.2 cm; 5 = vertical 
polarization, wavelength 3.2 cm; ° = vertical polarization, 
wavelength 0.8 cm; . = horizontal polarization, wavelength 
0.8 cm; ___ experiment; --~-theory. 


An important condition, and one needed to detect an object from its 
thermal radio radiation, is a difference between the apparent temperature 
oi the object and the apparent temperature of the surface, of the back~ 
ground against which that object is located. This is why research in the 
thermal radio radiation of typical backgrounds of ground and water sur- 
faces, the atmosphere, clouds, and the different types of atmospheric 
precipitation has been, and is being conducted, It has been established, 
moreover, that the apparent temperature of different sections of the 
earth's surface are very little dependent on wavelength and type of 
polarization. Curves of apparent temperature of grassy covers, forests, 
and agricultural crops as a function of the wavelength, and of the /21 
angle of observation, are drawn in Figure 6c. As may be seen from these 
curves, the apparent temperature of sections of the earth's surface over-~ 
grown by forests, by crops, and by grass is not too different. Thus, 
forests and grassy covers will radiate in the centimeter and millimeter 
bands in zlmost the same way as will the ideal radiator, the absolute 
black body. Radiation from surface radiators is quite heavily dependent 
on how wet their surfaces are. The apparent temperature of asphalt and 
concrete coatings in rainy weather will increase by 3° to 7°, for example. 
Since the physical temperature of the earth's surface changes with change 
in time of year, and over any 24 hour period, so too will the apparent 
temperature of the terrestrial surface change. The maximum apparent 
temperature of a winter forest in the 10 cm band, for example, will change 
as the day wears on, from 227° (0700 hours) to 243° (1600 hours). The 
apparent temperature of water surfaces (rivers, lakes, seas) is heavily 
dependent on the angle of observation, type of polarization, and surface 
conditions. Figure 6b shows curves of the apparent temperature of lake 
(fresh) water as a function of the angle of observation and type of 
polarization. 


Surface waves will help increase the water's apparent temperature 
because the foamy tops of the crests have a higher radiation factor than 
the water proper. Interestingly enough, the apparent temperature of ice 
is several tens of degrees higher thanthe water temperature. This can be 
explained by the high radiation factor for ice. 


Absorbent coatings can be used to mask metal objects from detection 
by radar, as we know. But, as should be obvious, these coatings will 
not mask thermal radio radiation because they themselves are good thermal 
radio radiators. : 


Rocket cugine tails are powerful sources of therma] radio radiation. 


The high temperature gencrated by a burning rocket engine will cause 
intensive ionization of the molecules of the gases that form. The free 
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electrons that form during ionization cause a sharr increase in the 
electrical conductivity of the gases. The tail thus can be considered 

a conducting body with heavy electrical losses, and as a result the [22 
tail absorption factor is quite high (0.5-0.7) in the centimeter and 
millimeter bands. The tail temperature reaches 3,000° to 4,000°K. So 

it is obvious that the tail radio brightness temperature is 1,500°~- 

2,800°K; that is, higher than that of ground objects by a factor of 

10, roughly speaking [4]. 
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Electron density drops rapidly with decrease in ambient air pressure, ; 
and the absorption factor decreases as a result. The absorption factor ji 
also can decrease with shortening of the wavelength. And the tail radio 
brightness temperature will change in proportion to the absorption factor. 


a, dB 
“3 
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Figure 7. Rockct engine tail absorption factor as a function of 
frequency and atmospheric pressure. 


Figure 7 shows the absorption factor as a function of flight altitude 
and wavelength. Soviet scientists A. Ye. Basharinov and V. Me Polyakov 
have made a significant contribution to research in the thermal radio 
radiation taking place when different. fuels are burned. They have shown 
that radiation from the flames of burning fuel occurs as a result of 
the ionization of the gases, of the products of combustion, as well [23 
as because there are a great many particles of unburned fuel in the 
flame. Each such particle is a thermal radio radiator. 


Sizes of radiating particles can differ, from thousandths to tenths 


‘of a millimeter, Radiation on wavelengths that are approximately the 


same will be the most intense; the particles are in resonance, as it 
were. In this case, therefore, the apparent tempcrature will increase 
with shortening of the wavelength. 


Figure 8 shows the curves for the radiation factor for the.flame 
of burning solid fuel as a function of the wavelength, plotted from 
experimental data obtained by A. Ye. Basharinov and V. M. Polyakov. 
Note that the most intense radiation from the ilane is in the milli- 
meter band, 
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Figure 8. Relationships: (a) apparent temperature as a function of 
the frequency; (b) flame radiation factor as a function of 
the wavelength. 


Intense thermal radio radiation is created by plasma forming during 
the flight of different objects in the atmosphere at speeds several times 
in excess of the speed of sound. The surface of the body, as well as 
the contiguous air layer, are heated to several thousand degrees and the 
air in the layer containing the particles of the evaporating skin of the 
body is almost completely ionized. And as we already know, a heated {2k 
and highly ionized gas is a good thermal radio radiator, 





The radio brightness temperature of plasma can reach several tens 
of thousands of degrees. Its magnitude will depend in quite a complex 
fashion on temperature, pressure, and chenical composition of the skin, 
density of the ambient air, and on a number of other factors, Figure 8a 
shows a curve for radio brightness temperature of a 4 cm thick plasma 
layer with a physical temperature of 5,000°K as a function of frequency [4]. 


It is the opinion of American experts that approximately this sort 
of plasma layer is what forms around the heads of ruckets sent up to 


great heights in the dense Jayers of the atmosphere. The unique shape 
of the curve draws one's attention as it dreps sharply from some 
frequency, fe This phenomenon can be explained by the stron9 d:;endence 


of the conductivity and the permittivity of the plasma on the frequency. 
Plasma conductivity is very high at frequencies below fi but decreeses 


with increase in frequency. The wavy nature of the curve can be explained 
. by the repeated reflection of radiation inside the plasma layer. The 
critical f will depend primarily on the spatial density of the eleccrons 
(the number of electrons/cm3 of plasma) in acecrdance with the formula 


f. = 0.009/n , Milz. (11) 


Density of electrons in the plasma in turn will depend on flight 
speed and altitude, and particularly on the chemical composition of the 
body's skin. | 


So-called betatron radiation is added to the plasma's thermal 
radiation when a megnetic field acts on the plasma. Physically, this 
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radiation is associated with the curvature of the trajectories of the 
electrons in the magnetic field. Curvature of the trajectory causes 
lateral (centripetal) acceleration, and the charged particles radiate 
electromagnetic energy as they are accelcrated and retarded, 


Betatron radiation takes place on a single frequency that depends 
solely on the magnetic ficld intensity 


2.81, Mliz, (12) 


where 
I is the magnetic field intensity, oersteds, 


Betatron radiation will take place in the centimeter band when [25 
the magnetic field intensity is in the thousands of oersteds, and in - 
the millimeter band when in the tens of thousands of oersteds. Beta«= 
tron radiation is not, strictly speaking, thermal radio radiation because 
it is notassociated with thermal noise currents and can occur when elec~ 
tron streams, however created, are magnetized. Betatron radiation from 
plasma, rercne occurs because of the plasma's thermal energy, characteristic 
as well] of conventional thermal radio radiation, 





Radio radiation from the atmosphore, Sun and Moon. The water vapor 
and oxygen always present in the earth's atmosphere is what creates the 
major part of the thermal radio radiation in that atuusphere. Clouds and 
precipitation are sources of very intense thermal radio radiation in the 
millime.er bana, The radio brightness temperature of the sky depends on 
the angle of observation. The closer to the horizon one tilts the line of 
Sight, the thicker the layer of atmosphere this line will penetrate. The 
maximum ré:io brightness temperature ‘clearly will be found at the zenith, 
the minimum near the horizon. Figure 9 shows curves for the radio bright- 
ness temperature of the atmosphere as a function of the angle of obser- 
vation and the frequency. As may be scei, the inaximum is at 2.4 GHz, which 
correspond to resonance absorption in water vapors. The sky's radio 
brightness temperature decreases with increase in altitude because the 


atmosphere's absorption factor is greater the greater the atmospheric i 
density. 





Rain has the highest thermal radio radiation of all the metcoro- 
logical precipitations, The heavier the rain, the higher its ridio 
brightness temperature. Figure 10 shows curves for radio brightness 
temperature of rain areas as a function of wavelength and rain intensity. 
Note that the rain area radio brightness temperature is very much higher 
in the millimeter band than in the centimeter band. More detailed 
information on atmospheric and precipitation radio radiation can be found 
in L. T. Tuchkov's book Natural Noise Radio Radiations in Radio Channels. 


Radiation from the shy includes cosmic radio radiation, as well zs 
radiation from the atmosphere. Radio astronomers are concerned with 
eosinic radiation study, but radiation created by the Sun, the Moon, and 
certain of the planets and stars » is of interest from the point of view 
of passive radar usc, 
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Figure 9. Apparent temperature of the atmosphere as a function of the [26 
angle of observation and the frequency. Values of angles: 
1 = 0°; 2 = 5°; 3 =~ 10°; 4&4 = 30°; 5 = 90°. 
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-Figure 10. Apparent temperature of the atmosphere as a function of the [27 


wavelength and intensity of precipitation. 


Rauso radiation from the Sun and Moon has been elucidated in much 
special literature, so we here will simply present the apparent vtemper- 
ature of the Sun and planets as a function of the frequency (Figure 11). 
Note that the most powerful source of radio radiation is the Sun, the 
radio brightness temperature of which is 7000°-8000°K in the millimeter 
band, and 30000°-60000° in the centimeter band. The upper curve for 
solar radio radiation corresponds to the years of maximum solar activity, 
the lower to the "quiet" sun, 
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Figure 11. Apparent temperatures of the Sun and planets, 


Radio radiation is created far out in space, but this radiation is [28 


so slight in the centimeter and millimeter bands that there is no need 
to consider it here. 


In concluding this chapter, we shotid point out that thermal radio 
radiation is certainly not the only form of natural electromagnetic 
radiation suitable for passive radar purposes. We have already con- 
Sidered, for example, the betatron radiation from plasma, which certainly 
cannot be included with "pure" thermal radio radiation. Nor are other 
forms of natural electromagnetic radiation, including radiation occurring 
during static discharges of atmospheric electricity, and spark formation 
at current carrying contacts, considered to be thermal radio radiation. 


It is entirely possible that other forms of natural electromagnetic 
radiation suitable for use in passive radar work will be discovered. 





; a i a lS a cea 


| 
H 
: 


ee oc a eR RPE OT PS: NONE T NS CT PS ACE UE TEC ciel see Se ok 

























2. Reception of Thermal Radio Radiation [29 
Thermal Radio Signals. Signal Characteristics. 


If an antenna is placed in a thermal radio radiation field, a 
noiselike voltage will appear at its terminals. It is not entirely 
correct to call this voltage a thermal radio signal because its fre- 


quency spectrum is very much wider than the bandwidths of modern 
receivers. 


mai RINSE RNASE L TONEY PR PIE ETE LC CNR. 


A receiver connected to the antenna in this particular case will 
reproduce what is a comparatively smal] region of the input voltage 
spectrum. We shall refer to that part of the input voltage that corres- 
ponds to this region as the thermal radio signal in what follows. 


This definition makes it apparent that the characteristics of the 
thermal radio signal, as distinguished from radar signals, will depend on 
receiver characteristics. 


Thus, the power of the thermal radio signal is directly proportional 
to the width of the receiver's bandwidti at high (or intermediate) fre- 
quency. This is precisely why efforts are made to use receivers in 
passive radars that have very wide bandwidths, those in the hundreds, 
thousands, and even tens of thousands of megahcrtz. The power of thermal 
radio signals then can be amplified and can, in some cases, be as high as 


. Teac W. A signal of this strength is characteristic of passive radars 

used to scan the terrestrial surface, for example. Let us, for purposes 

of comparison, recall that the strength of signals incoming to foreign 
long-range radars used to detect air and space objects often is a maximum £30 
of loo” W. Special highly-sensitive rece:vers capable of detecting very 

weak signals now have been developed for passive radar sets [11]. 





It often is convenient to express signal intensity in units of 
spectral density, rather than in units of power, when making calcul- 
ations. This evaluation is more objective because, as distinguished 
from the power, the spectral density does not depend on receiver band-~ 
width, The spectral density of thermal radio signals is expressed in 


temperature units, as in the case of calculations of radiation spectral 
density. 


Spectra) density and signal power are associated by the following 
relationships 


§ 8 
T = P /hf. 


The magnitude kT is the signal power spectral density. T. is called 


the signal temperature. It is taken to be equal to the physical temper- 
ature of the pure resistance creating a noise voltage with a spectral] 
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density equal to the spectral density of the power for the given signal. 
The term "antenna temperature" often is used in this context. But here 
what is meant is the temperature of the signal right at the antenna out- 
put. But what must be emphasized is that the spectral density of some 
thermal radio signals depends on frequency, and this is different from 
the noises generated by pure resistances. The tenperature of signals 
from small objects will increase with increase in frequency, for example. 
This phenomenon can be used to sel.:ct signals and to identify their 
sources. The width of the band of frequencies covered by the signal is a 


very important signal characteristic because signal power, as well as the 
accuracy with which the time of arrival of signals at multichannel passive 
radar systems is measured, depend on this width. 


The length of thermal radio signals depends on the time the target 
remains within the main lobe of the antenna pattern. Signal length can 
vary from units of a millisecond to several minutes, depending on the 
scanning mode and the nature of the target. Signal energy is propor- /31 
tional to signal length, so the possibility that the signal will be 
detected improves with increase in signal length, as does the accuracy 
with which signal amplitude can be measured. 


An increase in the signal length will increase the accuracy with 
which the Doppler shift in signal frequency can be measured in two- 
channel passive radars. 


Special features of the reception of thermal radio signals. Radio- 
meter opcrating principles. As we know, the chief difficulty in the 
reception of weak signals results from the need to separate them from 
the background of receiver noises generated in the first stages of the 
receiver. Receiver noise in communication and radar receivers is reduced 
by using frequency selection and time gating, so that the signal power 
at the output of the receiver's h-f section will be well above noise 
power. But neither of these can be used to receive thermal radio signals 
because the signals themselves are simiiar tc noise in nature. This is 
why thermal radio signal receivers are designed to be accurate noise 
level. measurers, and hence such receivers have come to bc called radia- 
meters. 


The simplest radiometer (Figure 12) consists of a high-frequency 
amplifier (HFA), a detector, and a low-pass ripple filter (LIP); that is, 
it is a conventional direct amplification receiver, The HFA is needed to 
weaken the influence of detector noise, as well as noise generated in 
succeeding stayes, so its own noise should be low, Efforts should be 
made to make the IFA bandwidth as wide as possible in order to increase 
the power of the thermal radio signal. The wplifier thermal radio 
signal is fed from the output of the HFA into the square-law detector. 
The detector's output voltage has a constant ccuponent, but it also has 
an intense noise component that "masks" the seperated useful signal. The 
LPF which, in its simplest form, is an integrati.. RC-filter, suppresses 
this noisc. £32 
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Figure 12. Functional diagram cf the simplest radiomcter. 
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The main feature of the simplest radiometer is its capacity to re- 
liably receive signals, the power of which is very much lower than the 
power of own noise. This capacity depends on a combination of a broad a 
h-f bandpass and a narrow bandpass for the LPF installed after the | 
detector. This combination is characteristic of the majority of modern 
radiometers. 


Let us consider the passage of signal and noise through the stages 
of the simplest radiometer. The power of signal and noise at the radio- 
meter input will be 


s Ss 


= kT Af = K(N - 1)T Af, 
n n =] 


where 
T= (N - 1). is the HFA noise temperature; 
Te = 300°K is the standard temperature; 


N is the HFA noise factor. 
The signal/noise power ratio at the radiometer input, Vin? will eygual 


Wn” p/P, = T/T, (13) 
One can be readily persuaded that the signal/noise power ratio (let us, 
for brevity's sake, simply call this the s/n ratio) will not change after 
h-f amplification 


Qaa = PK PS ea Ua See (14) 





What this means, from a physical standpoint, is that the HFA amplifies 
‘internal noise and noise-like signals identically. ven when HFA with 

Jow noise levels are used their noise as a rule is considerably greater 

than the signal temperature, so that the s/n ratio is less than wity at 

the detector input. But the noise signa) is suppressed in the detector, £33 
and the ratio of th power of the detected signa) (the constant compo- 

nent) to the power .° the noise at the detector output will equal 


q q tiabgic tty et lee (15) 
ad = "HA in son 
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Now let us turn our attention to the fact that while the noise at 
the detector output retains its broadband nature, its spectrum will now 
be part of the 1-f region (Figure 13). 


Constant 
component 





h-f noise 4 
pet | LMA 4 
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Figure 13. Influence of h-f and l-f passband widths on noise level 
at the radiometer output. 


| 
| 
° 


Actually, the h-f noise prior to detection can be considered the 
result of modulation of the carrier by the l-f noise with a spectrum in 
the limits 0 - Af. The result of the detection is the separation of 4 
this "modulating" noise. ‘The LPF, which has a passband AF, considerably ; 
less than the Af for the HFa, will only pass a small part of this noise, 
but will not interfere with the passage of the useful constant component, 
As may be seen from the figure, the noise power at the LPF output is 
; less than the noise power at the LPI input by a factor Af/AF. Accord- 
ans ingly, the output s/n ratio will equal 
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=a, (At/AF) = (t/t )® (at/AF) =, 2(as/AF). (26) 

n in 
The Af/AF ratio in modern radiometers is 10! to 10’, so a large s/n out- 
put ratio is obtained for an input s/n ratio of less than unity. Let /3% 
us look at a practical example. Let T= 1°, T = 100°, Af = 100 Miz, — 
and AF = 1 Hz. Eq. (16) will yield q.vy = 10,000. But an infin: te 
increase in the output s/n ratio because of compression of the LPF pass~ 
band is impossible because of the limited length of the thermal racio 
signal. As we know, the result of the detection of a signal such as 
this is the formation of a dec pulse, the spectrum of which covers the 
band of frequencies from 0 to F_, the width of which is inversely pro- 
portional to the signal length 


AF = F pe 1/t 


Reducing the LPF passband to a magnitude less than AF_ will result in 
suppressing the signal along with the noise; that is, there will be no 
increase in the s/n ratio. So the maximum attainable s/n ratio will be 
equa] to : 


eS 2 
Qt 2 Te/Mq) Aft ge (17) 


We should point out that the formula is valid only for an idealized 
simplest radiometer in which there is no signal loss in the section from 








. the antenna output to the receiver input, where the frequency curve for 

: the HFA is rectangular, the detector is square-law, and the LPF is ideally 
matched to the length and shape of the incoming signal envelope. This 

s ( is why the output s/n ratio is less than in the case of the idealized 


radiometer by a factor of from 5 to 50, given the same T , T , Af, and 
be Values, mE 


The principal technical characteristic of any radiometer is sensi- 
tivity, that is, the capacity of the radiometer to reccive weak thermal 
radio signals. The sensitivity of a radiometer is numerically equal to 
the temperature of a Signal at the radiometer input that will yield a 
s/n ratio of 1 at the output. The formula for the sensitivity of the 
: simplest radiometer is readily obtained from Eq. (16) by equating its 


right-hand side to unity 
st = t / art. (18) 


The less sensitivity §T, the more sensitive the radiometer. The /35 
sensitivity of the radiometer cited in the above example is 0.01°, 
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This definition of sensitivity is provided in order to simplify 

its practical measurement. Sensitivity is equal to the root-mean-square 
of random oscillations of the needle of the output meter (or recorder), 
expressed in temperature units. Therefore, the sensitivity can be ‘ 
3 approximated, even "by eye," once a certain skill has been acquired. : 
Sensitivity often is converted to signal length, equal to 1 sec, for : 
convenience in comparing different radiometers. Sensitivity obtained in i 
this manner is called normalized. 


Passive radar techniques often require that a comparison be made 
between two, or several, thermal radio signals. Additional information, 
such as target movement and target angular coordinates, something that is 
impossible when the simplest radiometer is used, can be obtained from 
the signals. Radiometers designed for the combined reception of two 
thermal radio signals are called correlation radiometers (Figure l‘ta). 

As may be seen from the figure, the principal difference between the 
correlation radiometer and the simplest radiometer is the presence of 
two HIfA and signal multipliers, rather than a square-law detector. The 
correlation radiometer functions in the same manner as the simplest 
radiometer if the identical thermal radio signal is supplied to the HA 
input because the multiplication of two identical signals is the equi- 
valent of square-law detection of either of the signals, But if one of 
the input signals lags the other, the output voltage will be reduced and 
will equal zero when the relative delay in the signals, tas is equal to 
one~fourth of the period of the signal's mean frequency. The output 
voltage will change sign with further increase in the delay, and will 
increase right up to the time when t, is equal to oneshalf the period 

of the mean frequency. It then will decrease, pass through zero, become 
positive, and so on. In other words, the output voltage will periodically 


become positive and negative with continuous change in tae This type of 


4 change in the voltage can be explained by the fact that the multiplication 


=25= 



























curcuit is, in essence, a phase detector, and the difference in the £36 
signal phases is proportional to their time delay. 
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Figure 14. Correlation radiometer. (a) - block diagram. (b) = output 
voltage as a function of delay time. 





Figure 14b is the output voltage as a function of t 
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output voltage, or more exactly, its constant component, will equal zero 
when t, ~ 1/Af. This is related to the noise-like nature of the input 


a° 
is the fact that the maxima decrease sieadily with increase in t 


signal. Its frequency changes continuously and randomly, so the segments 
of the signal over the interval longer than 1/Af will have a distinguish- 
ing frequency, while signals with different frequencies ca inot develop 

; d-c at the phase detector output. 
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We should point out, in passing, that the formula OF = f(t); shown as 


ut 
a curve in Figure 14b, is none other than the autocorrelation function of 
the signal, an important characteristic. The interval t. = 1/Af, which 


corresponds to the decay in the autocorrelation function to a predeter- 
mined very smal] value, is called the correlation inverval. What follows 
from the foregoing is that the correlation radiometer will not record 37 
identical signals shifted in time longer than t.. Nor will thermal 

radio signals incoming simultaneously from différent sources be recorded 

. because their instantaneous frequencies change according to different 

laws. 





Delay 


Multi- 
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Figure 15. Measurement of relative signal lag time. 
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A delay line with variable delay time (Figure 15) can be used to 
measure the relative signal lag time for signals arriving at radiometer 
inputs 1] and 2, Signal delay time in the line changes until the radio- 
meter output voltage is a maximum, whereupon the signal delay time in the 
line will be equal to the relative signal lag time. 


Signal frequency shift also can be measured by the correlation radio- 

meter. The need for so doing could arise, for example, when thermal 

radio signals from moving targets are received by antennas. The signals 
at the outputs of the antennas have different Doppler shifts, and this 
difference in shifts, characterizing target speed and range, can be 
measured by a correlation radiometer. In this case the LPF at the radio- 
meter output is replaced by 1-f bandpass filters, the passbands of which 
cover the possible region of changes in the different Doppler shift. 


The formulas used for the simplest radiometer can be used to approxi- 
mate the.s/n ratio, and the sensitivity of the correlation radiometer. 
However, consideration must be given to the fact that noise power in the 
correlation radiometer is twice what it is in the simplest radiometer. 
Therefore, the output s/n ratio is less by a factor of 4, and the sensi- /38 
tivity is lower by a factor of 2, as compared to the simplest radio- 
meter when the correlation radiometer is used in the single-channel mode. 


» 


Functional diagrams of modern radiometers. The simplest radiometer 
has two major shortcomings. First of all, a voltage proportional to the 


temperature of own noise will appear across the radiometer output when 
there is no signal. And because this temperature can be many times higher 
than the signal temperature, detection, and particularly measurement, of 
Signal temperature is very difficult. 


Second, and even more serious, is the fact that the constant com- 
ponent of the detected own noise voltage is modulated by these changes 
because of the slow random cnanges (drift) in the gain in the h-f stages. 
The additional random noise has a spectrum concentrated in the region of 
very low frequencies, and therefore passes through the l-f filter unin- 
peded. This noise cannot be reduced, even if the h-f passband is expanded. 
The first of these shortcomings can be overcome by introducing bias 
voltage into the radiometer's output circuit that is equal in magnitude, 
and opposite in sign, to the voltage generated by the rectified own noise. 
The voltages will cancel each other, and the output meter will read zero, 
if there is no signai. The simplest radiometer thus modified is called 
a compensated radiometer, 


The compensated radiometer, because of its simplicity, has enjoyed 
some use, but like the simplest radiometer, is subject to the influence 
of drift in gain, It iswry difficult to overcome this influence because 
even the slightest fluctuation in gain will result in a sharp deterior- 
ation in sensitivity. For example, even a 0.1% fluctuation in the gain 
will cause the output meter needle to deflect as if a 1° signal were 
present at a noise temperature of 1000°K and the radiometer sensitivity 
is unacceptably reduced as a result. 
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Development of receivers with superstable gain is a serious technical £39 
task. Moreover, such receivers are complicated and expensive, It is 
particularly difficult to ensure high gain stability when the radiometer 
is installed in aircraft and rockets where mechanical vibration will effect 
the gain, and so too will random fluctuations in the voltage of the 
installed power supplies. It would, therefore, be highly desirable to 
modify radiometer circuitry to avoid "confusing" the signal by surges when 
gain fluctuations occur. There are two ways this can be done. One is to 
"color" the signal arriving at the receiver input. The other is to use 
multichannel receivers. Let us consider the first of these, 
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Random changes in gain have one very characteristic property; they ‘ 
are very slow, as a rule. Therefore, if the signal is modulated by a 
sufficiently high frequency before it reaches the receiver input, the 
signal will be separated at the receiver output almost uncluttered by 
fluctuations in the gain. Herei* is the operating principle of the 
modulated radiometer, one of the most widely used types today (Figure 16). 


As may be seen from the figure, a narrow-band LFA, tuned to the modu- 
lation frequency, is installed in the receiver detector output. The LFA 
amplifies the modulated signal and heavily suppresses the interference 
caused by fluctuations in the gain because its spectrum does not coincide 
with the LFA passband. The synchronous detector, in combination with the 
1-f filter, too has a selective effect with respect to the signal, and 
this eliminates the modulation from the signal. 


Thus, if the modulation occurs at a sufficiently high frequency, 
the modulated radiometer, as distinguished from the simplest and com- 
pensated types, will not be subject to the harmful influence of fluctua- 
tions in receiver gain. 


The modulated radiometer does have certain drawbacks, however, Its 
sensitivity is not as high as that of the simplest and compensated 
radiometers because part of the signal energy is expended during modu- 
lation. It has been demonstrated, at least theoretically, that what 
is needed in order to obtain the greatest sensitivity is a meander to /4O 
modulate the signal; that is rectangular pulses with the same duty ratio. 

At the samc time, half the signal energy will be lost in the modulator, Ll 
so the sensitivity of the modulated radiometer will equal 


AT = 2. (1/\ Aft, ) = 2aT, (19) 


that is, it will be lower than that of the simplest radiometer by a 


factor of 2, 


Like the simplest radiometer, the modulated radiometer does not 
read zero when there is no signal. This can be explained by the special 
features of modulator operation. The fact is that when the modulater is 
in the cutoff state, that is, the signal is completely absorbed, it will 
generate noise with a temperature cqual to its physical temperature. 
Thus, the meter at the radiometer output will read the tenperature dif- 
ference Th - To where Ts is the physical temperature of the modulator, 


rather than the signal temperature. This drawback can be climinated by 
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Figure 16. Functional diagram of modulated radiometer and voltage curves. 


replacing the modulator with a switch that alternately connects the 
receiver input with the antenna output and with a noiseless ("cold") 

load. The load used in this case is a resistor cooled to a low temperature, 
or a small horn antenna pointed at a weakly radiativg background. 
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Figure 17. Functional schematic diagram of a two-cycle modulated 
radiometer. 


Even more modern is the two-cycle modulated radiometer (Figure 17). 
As may be seen from the figure, the input switch continuously connects 


the antenna to the inputs of two receiving channels. The input signal [he 
now can be converted into two sequences of rectangular hef pulses. each 





of which is amplified and detected in one of the reception channels. The 
summing of the detected and amplified pulses takes place in a two-cycle 
synchronous detector and a voltage that is proportional to the signal 
temperature is formed at the output, 


ome 


The sensitivity of the two-cycle modulated radiometer is greater 
than that of the single-cycle because the input signal energy is fully 
utilized. But because the power of the internal noise too is increased 
(because of the noise from the additional reception channel) the sensi- 
tivity still is lower than that of the simplest radiometer, and is equal 


to 
AT, = J 2AT. (20) 


An additional advantage of the two-cycle modulated radiometer is 
increased reliability. Operation still is possible in the conventional 
modulated radiometer mode in the event of faijJure of cither of the 
channels. We should point out still another feature inherent in all 
the different types of modulated radiometers, and that is the need ior 
a very careful match throughout the h-f tract. A poor match will result 
in the voltage generated by external receiver noise leaking to the antema 
and being partially reflected by the antenna, only to once again appear 
at the receiver input via the modulator, or switch. Thus, some of the 
internal noise voltage will be modulated and separated at the output along 
with the useful signal. Clearly then, there will be a partial loss of 
the advantage gained by using the modulated reception principle. The 
requirement for a careful match leads to a more complicated, and more 
expensive, radiometer. This is why modulated radiometers sometimes are 
designed with a simplified circuit that modulates the detected signal 
(Figurs 18). Fluctuations in the LFA gain are effectively eliminated 
in this radiomete:’, something that is very important because LFA radio- 
meters, as distinguished from LIA receivers of all other types have very 
high gains with a magnitude that is ery difficult to stabilize. 
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Figure 18. Radiometer with post-detector modulation. 


Overall, the modulated radiometer can be characterized as a com- 
paratively simple and reliable instrument that can be used to reccive ['3 
therinal radio signals in all cases when there is no reqt:rement for 
very accurate measurement of the temperature of incoming signals. 


However, the modulated method is not the only one that can be used 
to cope with the harmful influence of gain fluctuations, 


It is possible to use a variety of multichamel] circuits, the most 
widely used of which is that of the correc iation radiometer described 
above. 
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| The correlation-modulated radiometer (Figure 19) is a unique hybrid 


of the correlation and modulated radiometers. A sum-difference bridge is 
connected across the input of the correlation-modulated radiometer, and 
a the sum and difference of the input signals is picked off the two bridge 
{ ) outputs. Voltages proportional to the magnitudes (u, + u,) and (u, - u,) 
are supplied to the inputs of the detectors. After square-law detection, 
the maximum values of the rectified voltages are proportional respectively 
to 2 2 en ete ; 
(u, + u,) su) + Up + 2u,Uy: (u, - uy) =U, +U, = 2uu,. Readily L's4 
seen is the fact that the difference in these voltages is equal to 


2 2 
(u, + uy) - (u, u,) = 4u, Up 
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Figure 19. Functional diagram of a correlation-modulated radiometer. 


Accurate measurement of signal tenperatures. Null radiometers. There 
are times when measurements of the temperatures of thermal radio signals 
must be highly accurate. This would be the case, for example, when geo- 
physical, and other, measurements are taken from thermal radio maps of a 

‘ locality. In this case, just as in the case of other highly accurate 


radio enginecring measurements, resort is had to the comparison method 
(Figure 20a). 
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Figure 20, Functional diagrams of (a) a null radiometer and of (b) a null 
modulated radiometer. 


Signal temperature is measured by periodically changing the position 
of the switch from I to II, and vice versa, and at the same time adjusting 
the position of the attenuator knob sc that the meter reading remains the 
same during the switching. The use of a modulated radiometer is convenient 
in this arrangement because there is no need for manual switching and the 
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possibility of complete automation of the weasurer is established (Figure 
20b). As may be scen from the diagram, th. radiometer's output voltage, 
proportional to the temperature difference, is anplificd and supplied to 

the control attenuator, The simplest such attenuator consists of an 
electric motor and a conventional attenuator, The motor turns the shaft 

of the attenuator through reduction gearing, reducing the mismatch between 
the temperatures of the standard and measured Signals. Accuracy of tem- 
perature measurement by the null method is in no way dependent on the 
stability of radiometer gain, and is governed solely by radiometer £45 
sensitivity. 


Reliability in the reception of thermal radio signals, Already 


pointed out is tne fact that noise primarily that generated in the input 
stages of receivers, interferes with reliable reception of thermal radio 
Signals. Sometimes noise of external origin,* such as natural] radio 
radiation from the terrestrial surface, the sun, cosmic sources, and 

the like, can be significant (we should point out that the limit to which 
it is desirable to reduce recciver internal noise depends on the level 

of external noise). 


Quite obvious is the fact that reception reliability will be greater 
the higher the output s/n ratio. There is one basic difficulty in 
attempting to make a quentitative evaluation of reliability, however, and 
it involves the random nature of noise, It is possible to receive a 
noise "pulse" (a so-called "false aJarm") as a signal when in fact there 
is no signal, even when the s/n ratios are high, or, on the other hand, 
there may be a signal, but it will not be noted because of the simul- 
taneous reduction in the noise level. Noise will introduce an error in 
the measurement when measuring specific signal characteristics, and the 
magnitude of the error will change in a random fashion, It cannot be 
predicted, or calculated, accurately. 


So what follows is that reception quality cannot be evaluated in 
absolutes, only in probabilities. Detection reliability usually is 
characterized by the probabilitics of correct detection, Pa and of 


false alarm, P Accuracy in the measurement of signal characteristics 


fa° 
is evaluated by the probabilitics of the appearance of errors of predeter- 
mined magnitude. Accordingly, the task of evaluating reception quality 
is one of determining the probable magnitudes in terms of a known out~ 

put s/n ratio. The reverse of this must be solved when designing passive 
radars; find the magnitude of the s/n ratio needed to obtain these 
characteristics for a specified probability characteristic. The limited 


.8cope of this book docs not permit dwelling in detail on the procedures /h< 


used to solve these problems, so we shall give and exp)]ain only the end 
results of the solutions. 


Figure 2la shows the probability of correct detection and false 
alarm as a function of the magnitude of the s/n ratio at the output, 


calculated from foreign data [11]. Each curve is for a definite are 


* Only natural noise has been considered up to this point. The influence 


of organized noise will be discussed in the next chapter, 


jas 

















Figure 2], Probability relationships. 
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Let us now proceed to estimate reliability when measuring signal 
characteristics. The simplest, and at the same time the most widely 
used type of measurement in passive radar work, is that of the mean 
Signal amplitude, or, what is virtually the same thing, the signal 
temperature. Already mentioned is the fact that when there is no signal 
the meter output voltage will fluctuate wath a root-mean-square deflec- 
tion proportional to AT, the sensitivity of the radiometer, 


Accordingly, the root-mean-square of the error in the temperature 
measurement is simply equa] to AT. Let us recall that the probability 
of the appearance of crrors not exceeding the root-mean-square error is 
equal to 0.68, "Pulses" in errors exceeding 2AT have a maximum prob- 
ability of 0.05, while those exceeding 34T are possible with a prob- 
ability of the order of 0.003. Note that these same results can be 
obtained from the curve which, as already has been pointed out, char- 
acterizes the probability of the appearance of "pulses" of random /48 
noise. There is little probability of the appearance of errors exceed~ 
ing 34T in absolute magnitude, so the results of temperature mcasure- 
ments can be considered reliable with accuracy of +3AT. 


Errors in measurements of the time shift difference, and in the 
difference in Doppler frequencies, too are random magnitudes. Their 
root-mean-square values can be found from 


At~ k,/At | Tee (21a) 


AF x k,/t | per (21b) 





where 


Kes k. are coefficients cf order unity; 
t. is the signal length. 


The formu)2:s at (21) are analogous to those used to calculate 
accuracy in measuring arrival time and Doppler shift in radar signals. 
The difference in the temporal shifts in thermal radio signals can be 
measured more accurately because the band, Af, of thermal radio signals 
as a rule iS greatly in excess of the frequency band for radar signals. 


As may be seen from these formulas and curves, all that need be 
known in order to make a quantitative evaluation of recepticn reliability 
.is one magnitude, the output s/n ratio, and this can be calculated by 
using Eqs. (16) and (17). There are many calculations when it is 
necessary to determine the input s/n ratio for the specified reliability. 
This value of the input s/n ratio is called the visibility factor in 
radar work. Readily proved by transfcerming the formula for the output 
s/n ratio is that the necessary visibility factor for reception of a 
thermal radio signal is equal to 


a, = Te/AT ADE : (22) 
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Accordingly, the temperature of the input signal should be higher than | 
the value of radioneter sensitivity, AT, by a factor of q? if reliability 


( corresponding to the value of the output s/n ratio, ate? is to be cnsured. 1 
Characteristics of radiometer circuit. The main component of /49 


any radiometer is the receiver. Although radiometer receivers do have a 
great similarity to conventional radar receivers, there are in fact quite 
significant differences. The chief of these differences is the special 
requirements imposed on radiometer receivers; specifically the need to 
provide very wide h-f passbands, and an internal noise level as low as 
possible. Moreover, the gain and the noise figure for receivers should 
be very stable in order to prevent the appearance of additional l-f 
noise. 


Just what are the basic principles underlying the design of r-f 
receivers? The first thing that must be pointed cut here is the tendency 
to use amplifiers with low noise levels in input circuits. It should be 
pointed out that the development of passive radar is associated with the 
appearance of several types of low-noise amplifiers, something that pro- 
vided the condit:ons for the development of much more sensitive receivers 
than the "slassic" superheterodynes wide*y used in radars, It is known 
that the noise temperature of a multistage receiver can be found from 


T = T + T } k_ ,k 
ns nf ni!" Pee aa es Te pip2 t+ coer (23) 


where 
Tf f° 1, are the noise temperature and efficiency of the input 

fecder, respectively; 

T4(2,3) is the noise tempcrature of the first (second, third) 
"1" stages in the receiver; 


k is the power gain for the first (second, third) stages. 
pl(2,3) 


As may be seen from the formula, the use of an amplifier with a low 
noise temperature and a high gain in the first stage results in a sharp 
reduction in the receiver's noise temperature, even if the following 
stages have high noise temperatures. Moreover, the use of low-noise 
amplifiers will in many cases do away with the need to use superheterodyne 
reception, because adcquate sensitivity can be obtained by using a two, 

or three-stage HFA. Practically all foreign radiometers in the centi- 

meter band, and many radiometers in the millimeter band, have low-noise [2 
amplifiers in their HPA stages. The operating principles of these 

amplifiers, as well as their characteristics, have been described in 

detail] in a number of books and texts published in recent years, so we 

shal] limit our discussion of them to a brief comparison of their 
charactcristics from the point of view of their usefulness in passive 

radar enginecring. As we know, the main types of low-noise amplifiers 
Acveloped to date are the: 





special) traveling wave tube (TWT); 


paranetric amplifiers (PA); 
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quantum-mechanical amplifier (QMA); 
tunnel diode amplifier (TDA). 
Let us review each of these amplifier types. 


Historically, the first of the low-noise amplifiers was the TWIT, 
These amplifiers, because of their quite wide passband, had quite high 
noise temperatures (5,000-15,000°K), so the possibility of using TWT 
to further increase the sensitivity of radiometers was found to be limited. 
The TWT uses an electron beam emitted by a heated cathode, so the main 
cause of noise is the well-known shot effect. It was long thought that 
there was a theorctically low limit to the TWT noise temperature at 
approximately 900°. Subsequently, however, it was shown that the noise 
could be reduced even further by improving the electrostatic and magnetic 
focusing of the electron beam, 


It should be pointed out, however, that this improvement brings 
with it an increase in both weight and size (because, in particular, 
cumbersome and heavy magnetic systems are needed), 
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The foreign data on the subject show that modern, mass-produced TWT 
in the 3-cm band have a noise temperature in the 900-2,000°K range, and 
a passband equal to 20-30% of the carrier. Use of TWT such as these in 
the input stages of radiometers provides a sensitivity of a few hundredths 
of a degree. 





Parametric amplifiers, particularly semiconductor diode parametric 
amplifiers (DPA), would appear to have quite a good future for use in 
radiometers, 


As we know, there are a great many different types of diode parametric 
amplifiers, but foreigiu radiometric techniques will basically use single- {5 
circuit DPA that work on ref)ection. 


Modern foreign DPA have noise temperatures between 80° and 300° in 
the 5-cm band, and between 300° and 500° in the 3-cm band when the gain 
is 10-18 dB. The passbanu is from 50 to 400 Miiz. 


Traveling wave DPA, which are delay lines with varactor diodes 
connected at several points, appear to have a good future. A signal 
supplicd to the input of this type of amplifier will result in a rising 
signal wave in the delay linc, and a pump wave moving along the line 
‘at the same time. The wide passband is the chief advantage of traveling 
wave DPA, 


Parametric electronic amplifiers with a transverse field (Adler 
amplificrs) have been used successfully in the decimeter band, but have 
not yet been used in radiometry because a heavy increase in the inten- 
sity of the magnetizing field is requircd when the working frequency is 
increased. 


Quantum-mechanical amplifiers (QMA) have the lowest noise temper- 
atures. These amplifiers are used in radiometers for radioastronomy 
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purposes today. There are individual models of QMA with noise temper- 
atures of no more than a few degrees, The drawback in resonator QMA, | 
the limited width of the passband, has been eliminated in the intensively : 
developed traveling wave QMA, 
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_ The traveling wave QMA is a decelerating system with built-in com- | q 
ponents of an amplifying material and the decoupling components needed y 
to prevent self-excitation. 
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A ruby crystal is used in the 5-nn band traveling wave QMA developed 
in the United States, This amplifier has an internal noise of 2°K,. The 
gain is 25-35 dB when the passband is 25 Miz. 


Other countries are investigating the feasibility of designing QMA /52 
to operate in the shortwave portion of the millimeter band, 4-6 mn in ie 
particular, lt is proposed that the strong magnetic fields needed for 
QMA operation in the millimeter band be created by superconducting magnets. 4 
Thanks to unusually low noise temperatures, QMA can be expected to be used 4 
in fixed passive radar installations because the need for cooling to very 
low ("helium") temperatures, and the powerful magnetic fields required, 
will make it difficult to use QMA in airborne equipment. The DPA, although 
they have somewhat higher noise temperatures, do have very much better q 
size and weight indices, and therefore will be much better suited for 
use in airborme passive radar, 


Parametric, as well as quantum-mechanical, amplifiers have one draw- 3 
back in common, and that is the requirement for a stable pwnping source, 3 
the frequency of which should, as a minimum, exceed by a factor of two 4 
the working frequency of the anplifier. This first of all greatly reduces 
the feasibility of developing millimeter band amplifiers, and, second, 
leads to circuit complications becausc of the need to use networks of 
harmonic generators for pumping, more powerful and complicated supply 
sources, and the like. 


This is why developers of radiometric techniques in foreign countries 
often must turn to tunnel diode amplifiers, the features of which in- 
clude simple circuitry, cconomy, and extremely high reliability. A very 
important advantage of tunnel diode amplifiers is the high deyree of 
resistance to external effects. Germanium diodes, for exanple, will 
operate stably from -200° to +100°C. The temporature range is even 
broader in silicon and galliun arsenide diodes. Extremely significant 
is the fact that tunnel diodes, as compared to other types of diodes, 
have better radiation resistance. Like the DPA and QMA, tunnel diode 
ampJifiers can be designed for "pass through" and "reflection" schemes, 
as well as in the form of decelerating structures, including diodes 
ensuring a build.up of the signal wave traveling along the line. 


The only sources of supply for the stages are the low-voltage 53 
sources for bias voltaye, with the magnitude of the power required 
from the source a maximum of a few milliwatts. 


Oe - ewes we 8 


Foreign industry now is manufacturing tunne)] diodes with a power 
gain of 12-15 di} and noise temperatures of the order of a few hundred 
degrees for use ia the centimeter band and longwave part of the mi]li- 
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meter band. Cooling the diodes to low temperatures will further reduce 
noise temperatures. Cooling an amplifier to liquid nitrogen tenperature 
(77°K) almost halves its noise temperature. 


The tunnel diode is an electrical component with a negative resistance, 
so it can be used in the amplification, as well as in the oscillation, 
mode. It is true that the power of tunnel diode oscillators is low, but 
it can be increased a hundrea-fold by using multidiode oscillators oper- 
ating on the principle of a pump wave generated in the decelerating 
structure. Foreign experts are of the opinion that the use of tunnel 


- diode circuits in the centimeter band (10-1.5 cm) is desirable. 


Success achieved in the development of h-f, low-noise transistors 
now has made it possible to use transistorized IIA in radiometers oper- 
ating on wavelengths longer than 10 cm. There still is no such thing as 
a simple, reliable IIA for radiometers operating in the shortwave region 
of the millimeter band, if one disregards the above-mentioned attempts 
to develop QMA. Deep cooling will substantially reduce the noise tem- 
perature of semiconductor HFA, input circuits, and frequency converters, 
High-frequency receiver units designed with cooling by liquid nitrogen, 
or helium, have been developed [8]. Nitrogen cooling is more economical 
than helium cooling, and requires nothing. complicated in the way of 
equipment. Liquid oxygen equipment can be used for nitrogen cooling 
purposes, for example, at least accerding to the literature on the sub- 
ject. Moreover, nitrogen cooling yields quite a yood gain in noise [54 
temperature. The noise temperature of nitrogen-cooled parametric ampli- 


-fiers is a maximum of a few tens of degrees, © 


The passbands of cooled h-f units can vary from a few Milz to several 
hundred MHz, depending on the type of HFA used. The unit gain can be 
15-30 GB. One Soviet-made cooled h-f unit has the following character- 
istics: Th = 50°; Af = 32 MHz; gain 16 db. 


Cooling also can reduce mixer and detector noise, something of 
particular importance for radiometers in the millimeter and submilli- | 
meter bands, We should point out that Soviet scientists and engineers 
were among the first to study the problem of cooling receiver units 
(see the bibliography at the end of the book). 


If low-noise amplifiers are used in the input stages of a radiometer, 
succeeding parts of the radiometer circuitry can use dircct amplification, 
provided by poorer quality amplifiers, or cenventional superhetcrodyne 
circuitry. It is desirable for the receiver's i-f amplifier (IFA) to 
have a passband equal to that of the IPA in the latter case. The IFA 
must have special circuitry because the IA has a width of tens of Mllz, 
and more. The most widely used broadband IFA are those with distributed 
emplification and superhigh i-f amplifiers. And the development of 
transistorized conventional i-f amplifiers has hecn highly successful 
too. Modern foreign IFA have a passband d from 300 to 500 Milz, and a 
maximum neise figure of a few decibels. : 


Those foreign millimeter band radiometers without HFA usually have 


superhetcrodyne circuitry. The mixer stage and the first IFA stages 
are the chief noise sources in superheterodyne reccivers, as we know. 
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Mixer noise can be greatly reduced »y using mixer diodes made of telluriun 
with an admixture of gallium arsenide. The mixer diodes are rigidly 
secured in place inside waveguide flanges. This eliminates a series 

of parasitic effects, while sharply improving vibration stability in [55 
particular, The internal noise temperature in these mixers in the 

3—4 mm band is a maximum of a few hundred degrees, and when low-noise 

IFA are used the overall receiver noise temperature is a maximum 7,000° 

in the 3.2 om band, and 20,000°K in the 2.1 mm band. Radiomcter sensi- 
tivities are 0.7-0.9°K and 2.4°K, respectively. 1t is of interest to note 
that the heterodynes in these receivers do not use vacuum tubes, but 
instead use a semiconductor element oscillator and a harmonic genera- 
ator network that uses varactor diodes, There are those who believe 
superhetcrodyne receivers can be used for even higher frequencies, right 
up to 240 Gilz (wavelength 1.25 mm), 


There are a number of cases at frequencies higher than 100 GlHlz when 
it may be desirable to avoid using any of the radio engineering methods 
of reception, and go to optical type receivers similar to those used in 
the infrared band. 


Low-temperature germanium bolometers, Special photoresistors, those 
with an indium antimonide base, and certain other elements, can be used 
as such receivers. It should be emphasized that the operating principle 
of these receivers differs from that of radio engineering type receivers. 
Bolometers, photoresistors, and other, similar, elements directly con- 
vert the energy of the radio waves focused in them into d-c energy. 
These receivers, in other words, are unique radio wave detectors. 


Optical type receivers have the following special features: 


1. They have a wide passband. The passband as a rule is tens of 
percentage points of the working frequency. 


2. There is no polarization selectivity. Optical receivers reccive 
the whole signal, and this is where they differ from radio engineering 
reception systems that perceive the component of the radiation with just 
one type of polarization. 


3. It is possible to increase signal power beyond the limits [56 
indicated by the "radio engineering" formulas, 


The advantage of optical type receivers is the simple circuitry of 
the radiometers, which do not, in this case contain h-f components. 


‘Figure 22 shows the functional diagrams of radiometers with optical 


type receivers, 


The radiometer in Figure 22a uses a so-called "field" modulator, a 
disk with alternating transparent and opaque sectors. The disk is mounted 
directly in front of the reception clement and when rotated periodically 
interrupts the stream of thermal radio radiation focused on the surface 
of the receiving element. This causes an amplitude modulated signal 
to appear at the output of the reception element. The remainder of the /57 
circuit is similar to that of the conventional modulated radiometer. i 
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Figure 22. Functional diagram of a radiom-ter. (a) - with an "optical" 
receiver and a field modulator; (b) - with an "optical" 
receiver and a modulator. 


The radiometer in Figure 22a uses a so-called "field" modulator, a 
disk with alternating transparent and opaque sectors. The disk is 
mounted directly in front of the reception element and when rotated 
periodically interrupts the stream of thermal radio radiation focused 
on the surface of the receiving element. This causes an amplitude 
modulated signal to appear at the output of the reception element. The 
remainder of the circuit is similar to that of the conventional modu- /57 
lated radiometer, ~ 


Figure 22b is that of a radiometer with an "optical" receiver and a 
Signal comparison source. This circuat is somewhat similar to that of 
the null radiometer, and can be used for accurate measurements of signal 
amplitude. The shortcomings of the optical type reccivers include, first, 
difficulty in using signal phase and frequency relationships, something 
that is necessary for radio interferometers and correlation radiometers, 
for example. Second, nany optical type receivers, barretters and bolo- 
meters, for example, have an inertia factor of the order of units of 


‘milliseconds, something that interferes with their being used in passive 


radars with rapid space sean. Finally, it is very difficult to develop 
optical receivers with low noise temperatures, 


Nevertheless, optical receivers have the best sensitivity at 1-2 mm 
wavelengths. A report published in the United States in 1965, discussed 
the development of radiometers with germanium bolometers for a wave- 
length of 1.2 mm The sensitivity of these radiometers was ).05°K, equal 
to the best of the centimeter band radiometers, 


It is true that this sensitivity was obtained by cooling the 
reception clements to the temperature of liquid helium, but this does 
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not excltida the possibility of developing sensitive optical receivers 
that will operate at higher temperatures. 


As we can see from the brief survey presented thus far, modern radio- 
metric engineering has reached a high degree of perfection. But this 
does not mean that it is mandatory to use complicated special receivers 
with low-noise HFA, superwide IFA, supply voltage stabilizers, and the 
like, for passive radar purposes. 


It is entirely possible to use the corresponding models of perfected 
radar receivers, including receivers in obsolete models, for many practi- 
cal purposes; in particular for calibrating radar antennas for radio 
radiation from the Sun and Moon, and for the simplest thermal radio 
direction finders for Sun and Moon use. Let us, briefly, discuss the /58 
basic concepts we should use for guidance when rebuilding receivers. a 


It is best to take the modulation radiometer as the basis for the 
circuitry because it is the least critical with resepct to receiver 
characteristics and supply voltage stability. In this case, modernizing 
the radar receiver means added to its circuitry an input modulator, an FM 
amplifier, a synchronous detector, a l-~f output filter, and a reference 
voltage generator. Ferrite modulators, mass-produced by Soviet industry, 
can be used as the modulators. Diode modulators, as well as mechanical 
type modulators that are segments of a waveguide with a rotating disk 
partially embedded in the waveguide's longitudinal slot, can be used. 

Half of the disk is coated with an absorbing material so that the modu- 
lation is the result of absorption by this part of the disk. No changes 
need be made in the mixer, The gating circuit and the AGC are eliminated 
from the i-f amplifier. The gain of radar receivers usually is not high 
enough to realize temperature sensitivities of the order of a few degrees. 
The missing amplification can be obtained by adding a selective i-f ampli- 
fier to the receiver, the gain of which can be calculated as follows, 
First, determine the receiver's noise temperature from the formula 


T ww 7x jo 13-O-1m) jy 6 (2h) 


where 
m is the radar receiver sensitivity, dB/mW; 
Af is the receiver passband, Milz. 


Then, proceeding from the desired radiometric sensitivity, deter- 


mine the ]-f outpul filter passband from the formula 


AF «= 10°AL (aT/r )*, (25) 


Now use the value for AF to calculate the necessary LFA gain from the £59 
formula 


4 
a a 26 
K ‘ we (1 - 2) x 10 {41/al (26) 








i Tete een Mg berets ee +s 


EXAMPLE, <A radar receiver has m = 100 dB/mW and Af = 3.5 Milz. 
Then 
19 (13-0+1x100) 


TOH7x /3e5 = 2000° 


and to obtainthe sensitivity AT = 1° we must have the following values 


S 
AF = 107 x 3.5 (1/2000)? = O.1 Hz; 


; 4 
KPA = 1.5 x 10 | 3-5/0-1 = 90,000. 


This sensitivity is quite high, so the ]-f filter passband is narrow 
and the radiometer will be an inertia radiometer, If the sensitivity is 
limited to 4°, the passband can be taken as wider by a factor of 16, and 
the inertial nature of the filter will be about 0.6 second, rather than 
10 seconds. And the needed LFA gain will be reduced to 20,000 at the 
same time. 


The chief drawback of the majority of radar receivers, at least 
from the standpoint of radiometric use, is their comparatively narrow 
passbands. It therefore is more desirable to use direct TWT ampli- 
fication receivers, the sensitivity of which can be much greater. The 
book by A. D. Kuz'min and A. Yee Salomanovich, Radioastronomy Methods 
for Studying Antennas, provides more detailed information on the design 
of radiometric equipment, 
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3 Passive Radar Methods /60 
Thermal Radio Signals as Information Carr‘ ers 


The purpose of any location system is to obtain predetermined types 
of information about targets. The carriers of this information are 
signals, the paraneters of which "code" target coordinates and character- 
istics. Information on range is coded in the time delay of the signals, 
target speed determines the Doppler shift in signal frequency, signal 
strength characterizes the size of the target in certain instances, and 
so on, Naturally enough, those location systems that provide a great 
deal of information about targets are the best, 


The quantity of information a signal can carry depends significantly 
on Signal properties. Theoretical and experimental research has estab- 
lished the fact that this quantity is proportional to the product of 
Signal band times signal length, and signals f~:.u Lccyets must be mutually 
independent if maximum information on several targets is to be obtained. 


It is not difficult to see that thermal radio signals meet these 
requirements to a greater degree than do radar signals. Radar signals 
are greatly inferior to thermal radio signals where bandspread is con- 
cerned, and do not meet the requirement for mutual independence principally 
because they have a common source, a generator of radiation from an illu- 
minated target. Thc, more information can be obtained about a target {61 
from thermal radio signals than from radar signals. Ilowever, there 
is one important point that must be made, and that is that the incoming 
signals must be compared with reference Signals if there is to be 
efficient extraction of information from those signals. This is the 
way target range and speed are established in radar work, for example. 
It is impossible to use reference signals in passive radar work, howe 
ever, because the signal source is the target. Consequently, passive 
radar work must resort to using more complicated signal processing 
methods, ones based on a mutual comparison of signals received by spaced 
antennas, or put up with loss of part of the information. 


The passive radars most widely used today are very simple single- 
channel sets that only measure the mean power of signals and the angular 
coordinates of the target. These passive radars cannot determine target 
range and spced, but can make extrenely accurate measurements of inten. 
sity of radiation from targets, something that is not obtainable from 
radar. This was pointed out in the preceding chapter when the influence 
of Af and i on the accuracy of mcasuring Signal temperature was analyzed. 


‘So in this case the "information surplus" of the thermal radio signal is 


expended by increasing the accuracy with which signal power is measured. 
An even greater advantage of the thermal radio signal is apparent in 
twoechanne] passive radars, which can supply the range to targets, and 
their speed. It will be shown in what follows that broadband signals 
make it possible to improve the resolution of multichannel passive radars; 
that is, to increase the quantity of inforimatio:: obtained about targets. 


What follows, therefore; is that the methods used to obtain inforin- 
ation, and particularly methods used to obtain range and speed, from 
passive radar differ from radar methods. The only exceptions are the 
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methods used to obtain the angular coordinates which, as in radar 


methods, are based on the use of high-gain antennas, Methods used to [62 
extract information from thermal radio signals will be discussed in 
( more detail in what follows. The discussion will begin with a descrip- 


tion of the energy relationships (antenna temperatures as function: of 
apparent target tenperatures), calculation of which is needed to evaluate 
the methods used tu extract the information, as well as when calculating 
passive radar range. 





: Fnergy relations in passive radar, Jet us begin the derivation of 
: 


the energy relations with an explanation of one very important fact, our 
determination of the maximum valuc that the temperature of a chermal 
radio signal can reach. To this end we shall use Figure 23, which shows 
the most favorable case for the reception of a thermal radio signal, that 
of radiation from a very large (background) radiator received by a high- 
gain antenna. Let us assume the antenna to be ideal, that is, let us 
assume that there is but one main lobe in its pattern, and that within 
the limits of that lobe the directive gain (DG) is constant and equal 

to G, the antenna efficiency is unity, and there are no side lobes. 


Figure 23. IJlustration for the 
derivation of the antenna 
temperature formula for 
the case of a large area 
target. 





As may be seen fron the figure, the antenna perceives radiation 
from section S only because a)) the othcr sections of the radiating back- 
ground are outside the limits of the antenna pattern. Then the radiation 
power flow from the smallest area, As) incident at the receiving antenna /63 
will equal 


Al, Ps kt AS, JA x 1/ann* = iP, x 1/anD*, 


1 
“where 


AP, is the power of thermal radio radiation in a 1 Hz band with 
area AS). 


The power flow, Aly: generates a signal at the antenna output, the 
power of which is 


2 
AP, = ALA = kT Gas, Jin", 








where 


A = GAS/hn is the effective area of the antenna jn the receiving 
mode, 


Signals from the entire area, AS, must be added in order to deter- 
mine the power of the total signal from all of section S, thus 


= > = 
P. = AP + AP 2 + e@ @ e + AP i + eee * AP 


kT, G/8nD* (As, + AS, + +. « «4 * As, + ec eo e + As ). 


As may be seen from this latter formula, the power will be pro- 
portional to area S 


2 ¢ 
Pos kT, GS/4nD (27) 


Let us point out, in order to obtain the final formula, that the 
magnitude s/p* is the solid angle covered by the pattern lobe. The 


magnitude of the solid angle is associated with the DG by a simple rela- 
tionshir 


2 
AQ at = S/D” = 4n/G 


(this latter expression indicatingprecisely what the DG signifies, that 
the main lobe is several times narrower than the whole solid angle, equal 
to 4n steradians). 


Making the substitution, we find an unexpected result 


a b’ (28) 


that is, the temperature of the thermal radio signal at the antenna L64 
output is equal to the apparent temperature of the radiation, and does 
not depend on the range, or on the directive properties of the antenna. 
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Figure 24, Reception of radiation from a large area target at different 
ranges and by antennas with different DG. a ~ different 
ranges case; b - different DG cascs. 
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Considcration of Figure 24 will demonstrate the validity of this 
result. Actually, doubling the range to the target will increase area S 
by a fac’or of 4; that is, power and signal temperature being the same. 

As may oc seen from Figure 24, there is no way to increase signal temper~ 
ature, even by increasing the DG because if this is done area S will be 
decreased and Pe and Ts will remain unchanged. There is no method whereby 


Ge 


oe can be increased above Th? nor will connecting several antennas in 


parallel help. Eq. (28) is based on a well-established physical principle 
directly associated with the second law of theriaodynamics, and violation 
of this law would indicate that it is possible to "heat" the resistance 
of the antenna load from a "cold" source of radiation, that is, create a 
second order perpetual engine. Thus, Eq. (28) provides a magnitude for 
the limiting tomperature of a thermal radio signal, that cannot be 
exceeded by any method. * 
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Eq. (28) will take the following form for real antennas /65 
T = - 2 
. TN (1 - B) Sept (29) 
where 
7} is antenna efficiency; 


p is the so-called scattering factor, characterizing the influcnce 
of the side lobes of the antenna pattern, 


What follows from Fq. (29) is that the signal temperature is always 
lower than the apparent temperature of the radiator in the case of real 
antennas. 


The use of Eqs. (27) and (28) make it easy to obtain expressions 
for antenna temperatures upon reception of radiation from small targets. 
If the target occupies a smal] (in terms of area) part of the pattern 


lobe, Eq. (27) can be used to write an expression for antenna temperature 
in the form 





2 
= GS D e 2¢ 
T, T,. f'n (29a) 


2 
Using the equality A - Gr? /an, AQ nt = \ /A, we obtain 


ee 252) 
To= Ty, AS, /A Dee eel A2, /A2 (30) 


ant’ 


where 


La) 
40, = s/o" is the solid angle for the target; 


AQ nt is the solid angle occupied by the antenna pattern, 








* There are ways to increase the power of an incoming signal by using 
receivers of a non-radioengineering type. This will not, however, 
mean that Eq. (28) is violated. 


b= 





There are correction factors that must be introduced in the efficiency 
and side lobes for rea! antennas, as in the preceding case. 





tv Ls = 1 (1 - B) Bee AQ, 7A. (31) 
2 
T=} GQ -8) T p65, /4nD : (32) 


The physical sense of the formulas is obvious. Decrease in target area 
means a reduction in the power of its radiation, and, consequently, a 
decrease in the antenna temperature. When the dimensions of the target 
are increased and reach those of the main lobe of the antenna pattern, 
Eqs. (30) and (31) are converted into Eqs. (28) and (29). Eqe (31) is 
convenient to use for practical calculations when the angular dimensions 


of the target are known. The solid angle, AQ ., for real antennas can [66 
, ant 
be calculated using the formula 


AQ nt = Khe 5480.5: 
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where 


k. is a conversion factor, equal to ~ 0.94, for antennas with a 


circular aperture, and ~ 1.3 for antennas with a rectangular 
aperture; 


be, 5 (A8,, 5) is the width of the antenna pattern in the azimuth 


elevation plane at the 0.5 power level. 


Example. Calculate the antenna temperature ior reception of 
radiation from the Sun in the 3 cm band with an antenna for which 


TV = 0.8; B = 0.3; A905 =—5°6 


Ep The Sun's solid angle equals 
2 2 
AQ, ~ mlb )°/4 = 10.5°/4 ~ 0.225 deg’, 
where 


AQ. ~ 0.5° is the Sun's angular dimension. 


The solid angle of the main lobe of the antenna pattern is equal to 
AN = 069040505 = 23.5%. 


The apparent temperature of the Sun in the 3cm band is approximately 
equal to 20,000° hk. Eq. (32) now will yield 


T. = 0.8 (1 - 0.3) 0.205/23.5°2¢10° = 107°K. 
This is a very strong signal, at least from the point of view of radio- 


metric reception. We should point out that the comparativ-ly high 
antenna temperatures characteristic of reception o.: radio radiation 





from the sun allows us to use this radiation to calibrate the antennas 
and receivers of conventional active radars. 


( As may be seen from the example given, Eq. (31) is handy to use to 
calculate the strength of a signal from very large objects at considerable 
distances, 


It frequently is necessary, in practice, to estimate antenna temper- 
ature when receiving radiation from small objects, the area and range 
of which are known. Now it is more convenient to use Fq. (29a). It is 
better to use the conversion formula containing antenna area only if 
antenna* dimensions only are known, because this will avoid having to [67 
calculate DG 


2 
TI =f (1 ~ 6) ATO, /% ‘ (33) 


Note that in Eq. (33) the ratio of antenna temperature to the square of 
the wavelength is an inverse proportion. So if, in the example cited, 
we were to change tl: wavelength from 3 to 0.8 cm, antenna temperature 
would increase from 107° to 450° K, despite the fact that in the 8 mm 
band the apparent temperature of the sun is considerably lower than in 
the 3 cm band, and is only 6,000°K. We would obtain the same result if 
we were to use Eqe (31), because the width of the main lobe will be 
1°50', and not 5°, when A = 8 nm, 


So, we have revealed yet another interesting property of thermal 
radio signals; the intensity of signals from elongated targets docs 
not depend on the wavelength, and the intensity of signals from small- 
dimension targets is inversely proportional to the square of the wave- 
length. It can be shown quite readily that in the case of linear targets, 
that is, those with small width but long length, the antenna temperature 
as a function of wavelength wil) have an intermediate form 


Tera - B) Thea lh (34) 





This can be explained by the fact that tiat part of the main lobe of the 
antenna pattern containing a linear target will change linearly with 
change in the wavelength (see Figure 25). 


Figure 25. Reception of radiation 
from a linearly extend- 
ed target. 








*This is valid only when applicable to the area-type antennas, such 
as parabolic, lens, horn, 


48. 











The difference in the frequency relationship of the antenna temper- 
ature is very important in practice because it can be used to select 
targets of the desired shape. 


Signal length is highly important when separating information from 
incoming signals. We already have noted that the longer the signal the 
easier it is to detect, and the greater the accuracy in measuring signal 
parameters. Let us consider now the factors that determine signal length 
in passive radar work. Signal length can be found from the following £68 
formula for passive surveillance radars 


be = Ag/Q 0) (35) 


where 


O18. is the scan angular velocity. 


Signal length in this case can vary from microseconds to several 
minutes, depending on the width of the antenna pattern and on the scane- 
ning rate. Much longer “ignals are characteristic of passive tracking 
radars, but in order to obtain this length, that is, to use very narrow- 
band LPF, it must be recognized that extraordinarily increased angular 
errors in tracking cannot be avoided. Consequently, the useful signal 
length for passive tracking radars seldom exceeds seconds, and it is only 
in special purpose passive radars (in radio sextants, for example) that 
signal length can be as long as several minutes, 

The reception efficiency of signals is, to some extent, dependent on 
their shape. Signal shape is wnderstood to mean the signal temperature, 
Tos as a function of time 


T(t) = M(t)T_ aa 


where 


T is maximum signal temperature; 
s max 


M(t) is a function characterizing signal shape. 


Signal shape will cvincide with the shape of the antenna pattern 
(Figure 2Ga) in the case of passive surveillance radars working on small 
targets. In the case of an elongated target, one with a variable apparent 
temperature (so-called "thermal radio relief," Figure 26b), signal shape /69 
will repeat change in the apparent temperature, but in a more even, smoother 
manner. The interesting analogy between the work of the antenna for a 
passive surveillance radar and the action of a l-f electrical filter must 
be pointed out. We know that a l-f filter will clongate short spikes and 
smooth out rapid fluctuations in the voltaye supplied to its input. We 
wiJl sce this very same pattern in the scanning process if we replace 
the time axis with the axis of the sighting angles. As may be secn from 
Figure 26, a sma)l target appears on the axis of the sighting angles as a 
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short pulse of apparent temperature with short "length," Ag, - We 


obtain a longer signal, one with "length Ag during target scan. 


ant’ 
The smoothing out of spikes of apparent temperature when sighting clon- 

gated objects occurs similarly. This is why it sometimes is said that the 
antenna functions as a "space frequency filter." It is interesting that 

the conventional antenna "bandwidth" is proportional to the size of its 
aperture. The larger this dimension, the narrower the antenna pattern, LW 
and, consequently, the shape of the signal pulse at the antenna output 

will approach the shape of the apparent temperature "pulse" perceived 


by the antenna during scanning. 


a 


a Sighting angle 
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Figure 26. Distortion introduced by the antenna during scan, 


Target detection when radiating backqrounds are present. Already 
pointed out has been the fact that the simplest passive radars cannot fix 
range to a target. VJherefore, together with the useful signal from the 
target at the passive radar recciver input is other radiation, the sources 
of which are located along bearings close to the bearing to the target that 
has been detected. Thus, when air and ground objects are detected from an 
aircraft the interfering radiation will radiate from the terrestrial 
surface. In the case of ground-based passive radars working air targets, 
the interfering radiation wil] radiate from the atmosphere, clouds, and 
the sun, Radiation such as this, called background radiation, makes the 
detection of smai! targets excecdingly difficult for the following reasons. 
First of al), radiation from the background is added to the receiver's 
internal noise and, as a result, lessens receiver sensitivity. Second, 
radiation from the background masks radiation from the target, and in the 
limit case if the apparent temperature of the target and background ore 
the same it generally is impossible to pick up the target. Third, 
inhomogenicties and spikes in the apparent temperature of the background 
can be mistaken for a target by a passive surveillance radar, 
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Recognizing the influence of the background, the formula for antenna 
temperature for a signal from a small target will take the form 


T aT <2 i= 67,1) (1 - B) (0, 7A iv (37) 


a at ant 


where 


67, = T, ~ Th is the so-called radio brightness contrast between 


target and background, 


Figure 27 will help explain the formula. Note that when the target is 
"hotter" than the background (T, > T) the background detracts from target 


detection conditions. If the apparenttemperature of the background is 

higher than the apparent temperature of the target, detection can be 

improved because the radio brightness contrast between target and back- 
ground can become greater than the apparent temperature of the target 

itself. The radio brightness temperature of a metal object, for example, /71 
that is not intensified by the background will be 120°-150°K; that is, it 
the signal has been increased, so to speak, by a factor of many tens. 
Actually there has been no physical increase in the signal in this case, 

of course. The "shading" effect of the object has simply become well 
defined. 


Figure 27. Radio brightness con- 
trast between "target 
and background." 
a= positive; 
b = negative. 





Nevertheless, it is desirable to get away from the influence of back- 
grounds when using passive surveillance radars. This can be done, for 
example, by using the difference in the polarization characteristics of 
background and target, as is being done most recently in active radar 
work ® 


Background radiation can be used as the signal radiation for passive 
radars used to measure track speed, and for thermal radio sensors of the 
vertical. 





Operating principles and principal characteristics of passive sur- 
veillance radars. Passive surveillance radars are the ones most widely 

used at this time. Figure 28 is a functional diagram of a passive sure 
veillance radar. As may be seen from the figure, this diagram contains 

the same elements found in the functional diagram for a surveillance 

radar, with the exception of a transmitter, an ATR switch, and a synchronizer. 
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Figure 28. Functional diagram of a passive surveillance radar. 
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Antennas with a "needle" type pattern are the ones most often used 
i with passive surveillance radars. This provides the means for fixing two 
; angular coordinates of the target, but does complicate the antenna drive 
fF | mechanisms somewhat. Passive radar can use different types of scan; 
F line (raster), spiral, cycloidal, So-called single-~line scan, used in 
yk airborne passive surveillance radars (Figure 29), is special. In single- 
. i line scan the needle antenna . beam scans in a plane perpendicular to the 
rf 
- t 
' i 
/ 
Figure 29. Single-line scan, 
axis of the aircraft, providing scan on both sides of the flight 473 
trajectory. The line of flight is scanned by maneuvering the air-~ ~ 
craft. 
3 Figure 30. Raster scan. 
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The principal characteristics of a surveillance radar are range and 
resolution, Let us see how these characteristics are linked to the para- 
meters of the passive radar and the target. First of all, let us deter- 
mine the signal ‘ength corresponding to one element of the scan, If the 
dimensions of the scan zone are given by angles 9 (elevation) and Y azi- 
muth, and if the angular width of the antenna pattern is mace up of Ay and 
A8, (Figure 30), each clement in the zone with dimensions equal to those 
of the antenna pattern will be looked at for time 


t= kK, AgheT. /V8 (38) 


where 


Ky is the line overlap reserve factor; 


To is tae specified zone scan time. 
c 


~_ 


The sense of Eq. (38) is quite obvious. The smaller the solid angle 
of the antenna pattern as compared to the solid angle of the scan zone, 
the longer the time that will be devoted to looking at a single element 
in the zone, as compared to the time spent on scanning the entire assigned 
zone. It is more convenient to express subsequent calculations of Ag 
and AQ in Eq. (38) in terms of the magnitude ofthe DG, as we did in the 
antenna temperature calculations 174 


t =k gk Ant, /GH0 (39) 


The time required to look at an element in the zone, tos is equal to 


the signal length obtained from a small target, so, if a radiometer with 
noise temperature a and a h-f passband of Af is used in a passive sur- 
veillance radar, its sensitivity will be equal to 


e a \ * fhe, uy a ae ee fh, 
AT =T / 1 Aft =T, 4 GyO/ank, k ALT (40) 


The signa] from a target must exceed the magnitude of the sensi- 
tivity, AT, by a factor of a if reliable detection of the target is 


to be obtained 


L 
ve t = ails (41) 


The magnitude da is selected from the condition of a specified 


detection probability, Substituting the expression for target acteima 
temperature from Fq. (29a) into the, left-hand side of the relationship 
at (41), and with Fy.(40) taken into consideration, we obtain 
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Solving for D, we obtain the formula for the range of a passive sur- 
veillance radar as 
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: i Let us analyze this formula. The range is proportional to the square 


root of the product of the radio brightness contrast for the target and 
its area, and inversely proportional to the root of the radiometer sensi- 
tivity. The dependence of the range on the antenna DG, and on the dimen- 
sions of the zone scanned, is much weaker (proportional to the fourth 
root), The explanation of this difference is simple. Time t. decreases 


rete wants 
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with increase in antenna DG, Thus, a rise in the target antenna temper- 
ature is partially balanced by a reduction in signal length. A form that 

is more convenient for practical use, arrived at by uncomplicated trans- 
formations, and by substitution of numerical values for the coefficients 

in Eqe (42), is 175 


if ee 
D ~ 0.135 \ 6T,5,/dTq, - NT, ./¥04¢08, km, (43) 


The maynitudes in (43) have the following dimensionalities: S, is 
2 nae . 
inm , 6. and AT are in °K; Too is in seconds, and ¥, 6, Ag, A® are in 


degrees of angle. The antenna beam angles in this case are taken at the 
zero level. 


Calculations made using the relationship at (43) show that the range 
of passive surveillance radars can be quite great. A passive radar with 
AT 2,0,012 5.1 = 45="10"+ Ae = 49 =1°; and T = 1 sec, for example, is 

sc 
capavle of reliable (qs = 5) detection of an object with 67 5, = 5000° em” 


at ranges in excess of 10 kn, 





Practically speaking, there are many cases when the range is limited 
by inhomogeneities in the apparent temperature of the background, and not 
by radiometer sensitivity. These generate additional noise during scan- 
ning that is similar to fluctuations in the radiometric gain factor dis- 
cussed in Chapter 2, In these cases some improvement can be achieved by 
using special 1~f filters that Separate out the short signals from small 


targets from the longer spikes caused by the inhomogeneities in the back- 
ground radiation, 


A second method used to compensate for the harmful influence of back- 
ground inhomogeneities is based on the use of a recording of the radiometer 
output voltage over a period comprising several scan cycles. This is 

followed by paired subtraction of recordings of adjacent scan cycles, using 
a special device. The result of the subtraction is to balance out the 
backyround and retain the recording of the useful signal (see Figure 31). 


Passive surveillance radar of the type described is designed to scan 
an air space. Airborne passive radars for scamming the terrestrial sur- 
face are somewhat different. They use a single-line scan mode (Figure 29) 
and range wil] be expressed by another formula. Let us derive this for- 
mula, The scanning rate in the transverse plane should be selected such 
that there is some overlap of adjacent lines, Given this condition, the 
scan time for one line will equal 176 
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where 
i 
. Dis the distance to the extreme points in the zone scanned; 
W is flight speed; 


k, is the line overlap factor. 
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Balancing the influence of the background. a = signal 
recordings before subtraction; b - the result of sub- 
traction. 


Figure Sr, 


Knowing the time to survey one line, it is not difficult to find the 
time to survey one element (signal length) 


t. = ¢ A0/0. (44) 


s line 


Using the relationships in (38-42),the distance formula can be obtained 


as 


os ENA tae 
D~ 0.12 Vor, s,/ATa,) 1L/WVAPAS. (45) 


This formula differs significantly from Eq. (42). 


First of all, there is the dependence on flight speed, and second, /77 


there is the strong influence of the antenna pattern width, contrast, 


and target area. This explains the more complex dependence of signal 


length on Aw, AQ and ¥. 


Resolution, that is the minimum distance between two targets in an 
area at which the two still can be scen as separate targets, is an 
important parancter of a passive radar used to scan the terrestrial sur- 
Resolution depends on antenna pattern width and range to the 


face. 
targets in the following way 
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AL. = D sin Aw ~ DAQ; | (46a) 
AL, = D sin A®@/ cos |/2 ~ D A8/cos 4/2 (46b) 


The azimuth resolution will deteriorate more rapidly with increase in 

the range, so that the detail of the image of the terrestrial surface 

obtained along the edges of the scanned zone will be of poorer quality 
than those in the middle, 


The best resolution is equal to 


AL, = Hsin Ap ~ HAg (47a) 
AL, . = H sin A@/cos 4/2 ~ H AQ/oos 4/2. (47b) 


will be at zero azimuth angle. This means that the terrain sections 
directly beneath the aircraft carrying the passive radar will be repro- 
duced in the sharpest detail. This is an important advantage of the 
passive surveillance radar over airborne panoramic radars which, as is 
known, have very low resolution at short ranges. We also should point 
out that the resolution of foreign passive radars is in meters and less 
at short ranges and when antenna patterns are sufficiently narrow, and 
this, practically speaking, is unattainable with conventional radars. 


Multichanne] passive surveillance radars, The problem of radio vision. 
We already have seen that expansion of the scanned zone will reduce the 


range of pasSive radars. Furthermore, scanning time will be increased [78 
if the scanned zone is expanded, and this often is undesirable. 


This drawback is overcome by designing passive radars with multiple 
channels so that the whole of the zone to be scanned is divided into 
several smaller zones. The range of a pasSsive radar with multiline scan 


will be increased by a factor of “Ar if there are n channels functioning 
simultaneously, rather than just one channel. The range of an airborne 


passive surveillance radar wil] be increased by a factor of Lig ° 
There is absolutely no need to make each channel] in the form of an inde- 
pendent passive radar. Modern antenna engineering can design antennas 
with several spaced patterns, and it is antennas such as these that are 
used with mujtichammel passive radars. There can be a conmon scope as 
well. This means that only a few radiometers are needed. An important 
advantage of multichannel passive radar is better reliability because 
it can continue to function on the good channels should oe channel of a 
multichannel passive radar fail. 


If the number of channeis is taken as very large, a space can be 
covered without scanning (Figure 32). This coverage ncthod is called 
radio vision. "Radio vision" is not an arbitrary term. The fact is 
that thermal radio radiation, like light, is incoherent and broadband. 
This is why thermal radio images of terrain sectiois strongly resemble 
the images of these same sections as seen by the cye (Figure 33). Radio 
vision is a complex technical problem, primarily because the number of 
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Figure 32. The principle of radio vision. 


receiving channels is so great, hundreds, or even thousands. This is L79 
why superminiaturized models, and sufficiently cheap radiometers, have 


not yet been developed. It still is too soon to talk about the wide-~ 
spread use of radio vision. 
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Figure 33. A thermal radio image of a terrain (a) and a photograph of 
the same terrain scction (b). 


Passive tracking radars. Passive tracking radars are designed to 
automatically track single therma] radio targets by angular coordinates. 
The operating principle and functional schematic of the passive tracking 
radar are quite similar to those of conventional tracking radars. 
scan is most often used in passive tracking radars, 
functional diagram of a passive radar of this type. 


Conical 
Figure 34 is a 


Just as in the case of the tracking radar, the input signal is /80 
amplitude modulated because of rotation of the antenna pattern, and the 


52 


A SOE 1 OR Ee OTR 0 RO ROTTS mm eer. =” 


FO LD AOL  —ererur=n 





ee ee 







» SIKH z 
QSTE 2, 







AE (eet 
Save 


More’? 





Figure 34. Functional diagram of a passive tracking radar with conical scane 


depth of modulation increases with distance of the source of radiation from 
the axis of rotation. The phase of the modulation is determined by the 
direction in which the source is shifted. There is no need to use a 
modulation radiometer in a passive tracking radar becavse the incoming 
signal already is modulated. The signal therefore is supplied to a 

narrow band l-f amplifier tuned to the modulation frequency after detection. 
Synchronous detectors are connected to the amplifier output and direct 
current voltages are formed at their outputs. These voltages are pro- 
portional to the magnitude of the angular mismatch between the axis of 
rotation of the antenna pattern and the direction to the source on which 
the bearing is being taken. These voltages also are used to control the 
antenna drive mechanisms, thus providing for automatic tracking of the 
source of thermal radio radiation. The principal characteristics of 

the passive tracking radar are operating range and accuracy in fixing 
angular coordinates, 


Eqse (38)-(42) can be used to find the operating range. Simple 
nathematical transformations of these latter will yield 


———- | 
D~ 0.1 (67,8, /dTq, A988 S| ae (48) 


Derivation d the formula for the error in angular tracking is quite /81 
complicated, so we shall simply provide the result as 


oe ~ 0.4 (A 5/My {t. eee (49) 
where 


Om is the root-mean-square of the error in angular tracking result- 
ing from internal noises in the passive radar's radiometer. 


The harmful influence of internal noise appears in this case, 
because some of the detected internal noise enters the passband of the 
narrow band i-f amplifier, passes through the synchronous detectors and 
power amplifiers, and causes the passive radar antenna to oscillate ina 
random fashion. 


As may be seen from the formula at (49), the magnitude of these 
oscillations can decrease, narrowing the passband of the low-pass output 
filter. This: narrowing of the band reflects favorably on the operating 
range of the passive radar as we)! [see formula (48)]. It would appear 
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that the use of very narrow-band filters would result in highly accurate 
angular tracking and long operating range. However, there is a dynamic 
error in angular tracking that increases with increase in instrument 
inertia, and this is in addition to the random error in angular tracking, 
op. So it follows that the passband of the low-pass filter must be 
selected such that the summed error will be least. 


A drawback in the passive tracking radar with conical scan is the 
dependence of the accuracy of the angular tracking on the width of the 
antenna pattern. If, for whatever reason, a sufficiently large antema 
cannot be used with the passive radur, other ways to increase accuracy 
must be sought. One possibility +; the use of phase direction f' nding 
methods, Figure 35 is a functional diacram of a tracking phase dircction 
finder, The phase direction finder uses two antennas spaced distance a 
aparr. on a base line. The signals from the antennas are fed into the two 
inputs of a correlation radiomete:. A controlled phase-shifter is inserted 
in one of the input circuits. Iet us suppose that the shifter initially 
is set for zero phase shift. Then, if the signal source is equidistant 
from both antennas, that is, if the source is on a bearing perpendicular 
to the base at its midpoint, the phases of both input signals will be /82 
equal and the output vultage from the ratiometer will be a maximum, If, = 
however, the bearing to the sources does nut coincide with this perpen- 
dicular there will be a relative phase shift that will result in a 
reduction in the output voltage. ‘The output signal will be zero when 
the phase shift is 90°. The signal will become negative with further 
increase in the shift, becoming equal to the signal corresponding to 
the "equal phase" bearing when the phase shift is 180°, and, as before, 


will have a negative sign. As may be seen from the figure, the phase 
shift equals 


A¥ = 360° (a/d)sin 


As may be seen from this formula, the longer the base, "a", the greater 
will be the phase shift in the input signals for the same angular 
deflection of source 9; that is, the greater will be the direction 
finding sensitivity of the systan, 


Line of 
equal 
phases 





‘igure 35. Functional diagram of a phase radio direction finder. 
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Accordingly, the direction finding sensitivity of a passive phase 
radar is determined by the length of the base line, and is virtually 
andependent of antenna size. A phase-shifter that shifts signal phase /83 
90° is inserted in one of the input arms of the phase direction finder 
to separate the signal from the error, The voltage across the output of 
ihe radiometer will be zero when the bearing to the source coincides with 
the equal phase line, and error signals with different signs will] appear 
when there is a deflection to the Jeft or right. These signals are 
supplied to a dec amplifier. An clectric motor is connected to the output 
of the amplifier. The shaft of the electric motor is coupled to the shaft 
of the phase-shifter through reduction gearing. This system provides autoc- 
matic tracking of the signal source, and the bearing can be read directly 
from the angle of rotation of the phase-shifter. 

There are other variants of arrangements for tracking phase thermal 
radio direction finders, As has been noted, the direction finding sensi- 
tivity of the phase direction finder can be made very high by increasing 
the base line, There is a limitation however. If the base line is very 
much longer than the wavelength, the direction finding characteristics 
will become multivalued, and false nulls and maxima wil] appear. Ambiguity 
in readings is a drawback, so the use of long base lines is undesirable 
f r radio direction finders. The effect can, however, be used in special 
passive radars known as radiointcrferometric radars, and they will be 
discussed in what follows. 


Selection of thermal radio signals. Range and speed measurement, 

The capability to make separate observations of targets that mvy be at 
different ranges, and to measure those ranges, is the most valuable 
property of radar, but is unusually difficult to realize with the passive 
radar. The simplest single-channel passive radar cannot measure the 

range to a detected target, or determine how one, or several targets 

within the beam of the antenna pattern may be distributed with respect 

to range. This passive radar will reproduce the therinal radio radiation 
from a target a few kilometers distant, and the radio radiation from the 
sun, 150,000,000 kn away, in exactly the swne way. And since the earth, 

or the sky, always is within the field of view of a passive radar, it is 
clear that absence of range selection is primarily the result of ever- 
present noise from distant background sources, The useful signal has [8 
to be Separated from all this noise, es 





Equipment for selecting Siqnals from targets out of a background 
of interfering radiation is required for the efficient operation of 
passive radars. There are, today, severa] known types of selection that 
can be used to solve this problun. These types of selection are based 
on the following differences between targets and noise sources (back~ 
grounds): 


difference in radiation spectra; 
difference in polarization characteristics; 
difference in dimensions; 


aifference in speed of movencnt, 
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None of the above excludes the development of special types of range 
selection for passive radars, 


Let us take up these types of sclection in somewhat more detail. The 
simplest type of selection is spectral selection, wherein the difference 
in the spectra of radiation from the target and the noise source is used, 
Unfortunately, this selection method cannot be used to distinguish small 
targets against "hot" backgrounds, against the background of the terrestrial 
surface, for example. On the other hand, spectral selection is very useful 
for detecting airborne targets against a background of clouds and a 
radiating atmosphere. Correct selection of the passive radar band can 
sharply reduce the influence radiation from the atmosphere and clouds 
will have on passive radar performance. 


Polarization selection obviously can give reasonably good results, 
The gist of polarized selection is that both components of thermal radio 
radiation are received simuitaneously by two separate radiometers, if 
the polarization characteristics of targets and backgrounds are known, a 
comparison of signals reccived by two channels will separate the targct 
signals. 


There are several different functional arranyements that can be used 
to make the selection in terms of signal source dimensions. Multifrequency 
reception is one approach. We already have pointed out the fact that 
antenna temperature increases with increase in the working frequency 
of the receiver when receiving signals from small targets, as well as £85 
the fact that antenna temperature does not depend on the frequency in 
the case of extended targets (backgrounds). So we can make a decision as 
to the presence, or absence, of a small target by comparing the output 
signals from two radiometers tuned to different frequencies, even if 
radiation from the background is received simultaneously. it is possible 
to differentiate to some degree between target sizes, even using con- 
ventional single-frequency reception, if the passive radar antenna has 
a very narrow pattern, Jt is quite obvious that signals from more extended 
targets picked up during scanning will have greater length than will 
Signals from small targets. However, this difference will not be clear 
cut unless the extent of the target is such that its angular dimensions 
are greater than the dimensions of the antenna pattern. It is practically 
impossible to use this method to distinguish targets by their size when 
they occupy a small part of the main Jobe. And space limitations often 
make it impossible to use antennas with narrow patterns. In these cases 
we can use radio interferometers, passive phase radars with long base lines, 
for selecting targets by size. Figure 36 shows the operatiing principle 
on which the radio interferometer is based. The base line for the radio 


‘interfcrometer is chosen comparatively long, of the order of hundreds, or 


even thousands, of wavelengths. We already have seen that in this case 
the direction finding characteristic will become multivalucd. This means 
the resultant antenna pattern will have a great many lobes, The number 
of lobes will depend on the ratio of the length of the base line to the 
wavelength and antenna pattern width 


n, = Ap(a/d) = 70(a/d, 4) ; 
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Figure 36. Radio interferometer 
antenna pattern, 





A multilobed pattern such as this scanning a point target will yield 
a voltage at the radio interferometer output with a changing sign remii-- 
iscent of a radio pulse because the target will pass through opposite /86 
sign lobes in the pattern, 


The length of the output "radio pulse" will, like that for a con- 
ventional passive surveillance radar, equal 


T a be/O os 


and the fill frequency wil] depend on the number of lobes and on the 
scanning rate 


F cs a/A Qe (50) 


Let us now see what happens if a target with an angular dimension 


less than the aperture of the antenna pattern, but larger than the angular 
dimension of one lobe, enters the radio interferometer's field of view, 
The figure makes it clear that a target such as this will overlap lobes 
with different siqns and its signal will be weaker than that from a point 
target. The signal from this target will be zero if the taryet dimension 
is equal to twice the dimension of the lobe, because each half of the 
target will generate a siqnal of opposite sign, and the two will cancel 


.each other. The picture is similar when the target dimensions exceed 


the width of the pattern's main lobe. So we see that the radio inter- 
ferometer is a fine instrument for selecting targets in terns of their 
dimensions. One example of this fact is the use by astronomers of radio 
interfcromcters to obtain a detailed picture of the distribution of the 
solar surface radio brightness temperature. The width of the patterns 
of the antennas used for the purpose is greatly in excess of the sun's 
angular dimensions, So it follows that the radio interferomncter pro- 
vides a reproduction of radio brightness reJicf£ with incomparably more 
detai] than is possible by using single-channel passive radars, and 

this is in addition to target selection in terms of dimensions, In 
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other words, the radio interferometer substantially increases angular 
resolution without the need to increase antenna dimensions, We shall 


take up this property of the radio interferometer in somewhat more 
detail later on. 


Now let us consider speed selection capabilities. The conventional /87 
radar performs the speed selection chore by simple separation of the a 
Doppler shift in the frequencies of incoming signals. This chore is 
much more complicated in the case of passive radar, however, because, 
first, there are no reference signals, and, second, because of the broad-~ 
band nature of therma] radio radiation. Passive radar therefore gocs 
about the speed selection task by using avwariety of indirect methods, 

The simplest form of speed selection is suppression of signals from fixed 
targets. One such method for suppressing signals from fixed targets, 

and which is, to some degree, analogous to alternate period subtraction, 
was described above (sce Figure 31). Moreover, the ratio of target signal 
length to target speed can be used for target sclection based on speed, 
Signal length is a function of target dimensions, and scanning rate, in 
the case of fixed targets, But if a target is moving in a plane per- 
pendicular to the axis of the antenna pattern, the length of the signal 
from that target wil] we decreased, or increased, depending on whether 

the direction of motion coincides with the direction of scan, or is opposite 
to it. The radio interferometer described above can be used effectively 
for speed selection. Let us take wp in more detail the principle involved 
when a radio interferometer is operating in the target speed selection 
mode. We already have seen [formula (59)] that the fill frequency of 

the interferometer's output signal is directly proportional to the scan- 
ning rate. Now let us be persuaded that the interferometer's pattern 

is not scanning, and that a target moves through the pattern at speed W 

at distance D (Figure 37). This target movenent is equivalent to scan- 
ning at an angular velocity of Q : W/D, Substituting this expression 

into formula (50), we obtain for signal frequency 


Pe ~ a/h w/D. 


All the magnitudes in this formuJa, except W and D, are known, and 
frequency Pe can be filtered out and sccurately measured, so the follow- 


ing conclusions can be drawn: 


(1) The radio interferometer can select targets in terms of /88 
speed, as well as in terms of range (because targets flying at the a 
same specd, but at different ranges, will yield output signals with 


different frequencies, di 


(2) the radio interferometer can be used to measure speed and range 
to target, but the results of the measurement will not be single-valued 
because targets with different D and W can equate to the same frequency, 
assuming their ratios to be equa). More preciscly, the radio inter- 
ferometer selects a target in terns of its angular, not linear, velocity, 
equa] to the W/D ratio. Werein is the chief drawback in the radio inter- 
ferometer selection method; the inability to separate targets with very 
low angular velocities (distant and slow speed targets, for example), 
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Figure 37. Principle involved Figure 38. Origin of Doppler 
in the use of a radio shifts in the 
interferometer to channels of a 
measure speed and radio interfero~ 
distance, meter, 


as well as targets moving away from and toward the passive radar. Never-~ 
theless, the radio interferometer selection method is highly interesting. 


Let us now turn our attention to a certain similarity between this 
selection method and the Doppler shift in frequency method for selecting 
moving targets used in conventional radar work. In both cases the 
frequency of tiie output signal is proportional to target speed. This [89 
is not a chance similarity. The fact is that the radio interferometer 
actually separates information aboui the Doppler shift in the frequency 
of signals radiated by moving sources, Figure 38 will muke this apparent. 
Each of the frequency components of the radiation from the target will 
experience Doppler shifts because the target is moving with respect to 
the radio interferometer. The magnitude of this Doppler shift at some 
frequency, a) within the limits of the receiver passband, will equal 


Fo) = f (W/e)sin Q, for the first channel 


and 


7) 
" 


; f (W/c)sin , for the secund channel. 


The difference in the Doppler shifts 


6F = Bon - Poe 23 ‘ (Wa)/(cD) = (aW)/(AD). 


is separated at the receiver output because of the displacument of the 


components al and Foe But this difference isequal to the fill frequency 


of the output signal from the radio interferometer [see formula (50)]). 


6h. 











The radio interferometer thus separates the difference in the Doppler 
frequencies of signals because the radio interferometer antennas are 
spatially separated. The greater the range to the target, the smaller 
this difference, because the angles o, which determine the Doppler shifts 
in the channels, are smaller. Summarizing, we can say that by using 
the radio interferometer as our example we see that it is possible to 
extract additional information from thermal radio signals; in this 
particular case information on range and speed "buried" in the output 
signal can be used for target seicction. 


Let us now take up questions concerned with measuring range, and with 
range selection. This, unhappily, still is the most vulnerable part of 
passive radar work, With the exception of the radio interferometer method 
already described, the only method that can be cited is that of repeated 
bearing taking (the triarjulation method), a method that in essence /90 
reduces to taking simultaneous bearings on the target by antennas 
spatially separated and fixing the position of the target as the point 
of intersection of the bearings. It is obvious that this method is 
unacceptable for passive radars installed aboard ships and in aircraft. 


The range selection method based on the use of "focused" antennas 
is finding some, albeit limited, application, The antennas used here can 
be special lens antennas, similar to short-focus optical lenses, for 
example. If an antema~-radiator is placed in one of the foci of an 
antenna such as this, and if a radiometer is connected to the antenna, 
radiation from small objects placed in the second focus of the antenna 
will be perceived best. Radiation from closer, and from more distant, 
objects will be out of focus in the radiator and, as a result will result 
in very much smaller increases in antenma temperature. Since the focal 
points are commensurate with antenna dimensions, the best this system can 
do is to select objects at distances of a few meters, and this us com- 
pletely inadequate for the iajority of location tasks. Accordingly, 
"focused" antennas are used exclusively in passive radar installations 
for scientific purposes, for studying plasma under laboratory conditions, 
for example. 


Passive radar resolition, and methods for improvement, <A serious 
drawback in passive radar sets is poorer resolution than that found in 
conventional radar sets. Such highly valuable methods as pulse compression 
and antenna "synthesization"™ have bean developed in recent years for con- 
ventional radavs, bul these methods are not applicable to passive radars, 
Resort mist be had to other approaches, therefore, in order to obtain 
high resolution in passive radar work, Here the methods developed in 
radio astronomy, where the problem: of resolution are as critical as they 
are in passive radar work, are of intcrest. We already have pointed out 
the fact that resojJution can be improved by replacing the conventional /91 
single-chamne) passive radar with a radio interferometer. But while 
the method has been used successfully in radio astronomy, it requires 
complicated and lengthy decoding of the output signals, so its capa- 
bilities in passive radav work are limited. <A second method, also 
Lorrowed from radio astronomy, is of great interest. This method pro- 
vides high angular resolution without resorting to the use of large 
area antennas. Figure 39 shows the theory involved, 
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Figure 39. Passive radar with "compression" of antenna pattern. 


As may be seen, the method is based on the use of two antennas with 
overlapping patterns. The antennas are connected to the inputs of a 
correlation radiometer. It is obvious that this system will react only 
to signals from targets that are in both patterns at the same time, that 
is, in the narrow "pencil-like" zone of pattern overlap. The advantage 
of the method is that the area of each antenna can be small because the 
pattern in one of the planes (vertical or horizontal) can be very wide 


without loss in resolution. If the antenna lengths are equal to band 
tos the resolution will be that found for a single-channel passive radar 


with an antenna with an area of my x tas which is tens, and even hundreds, 


of times greater than the total area of the two antennas used in the 
method described, Characteristic of the method is the crossing of two 


long antennas, so this system has been named the "Mill's cross," after » £92 
the radio astronomer devcloper. 


In concluding this chapter, a few words about the possibilities of 
improving the characteristics of passive radars that are related to the 
special features of therma) radio signais. 


We initially spoke of the fact that the use of brvad-band signals 
permits separating more information about targets. In this regard, we 
should point out that improvement in the resolution will increase the 
amount of information about targets. This is particularly true of scan- 
ning radars, for the beticr their resolution, the more detailed is the 
image obtained of the scanned zone. 


It is convenient to use the exampie of the radio interferometer we 
already know about tc discuss the principle involved in improving resolution. 
Let us consider the prozes> involved in the reception of signals from 
sources occupying different positions in space (Figure 40). It is not 
hard to see that the best approach would be to receive signals from 
sources in a plane perpendicular to the base line of the interferometer 
and passing through the midpoint of the tase Jine (the projection of this 
plane is shown in the figure by the straight line 0-0). Sources located 
along this line are equidistant from the interferometer antennas, and 
the signals from cach of these sources will arrive at the inputs to the 
correlation radiometer with different phase shifts and time delays. 
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Figure 40, Improving resolution by using superbroadband signals. 


If a source is displaced off axis 0-O some distance x, the distances 
to the antennas will no Jonger be the same, and the distance difference 
will be 
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BD = VDE 43)? — VDE aa OO, 


Accordingly, the signals will not arrive at the inputs simultaneously, but 
with shift At, ‘equal to 
AD | 2asx 


is 
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When this shift exceeds the correlation interval, t_, the radio-~ 
s e be e s ¢. e 
meter's output signal is zero, Thus, the radio interferometer will 


‘ receive signals only from targets the distance of which from the 0-0 /93 
4 axis does not exceed 
Det ) 
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The live zone is a sector at longer distances (D > 2a), the angle of 
divergence of which is equal to 
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This sector is a unique "antenna pattern," and can be made very narrow 
(for large Af and 2a values). Provided is an increase in the angular 
resolution that is independent of the width of the radio interferometer 


antenia patterns. 
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4. The Use of Passive Radar [94 


The history of the development of passive radar covers a little 
j over a decade, yet this comparatively short span of time has seen the 
: development of passive radar theory, as well as the development of models 
of passive radars for the most varied of purposes. The main areas in 
which passive radar is used in foreign countries include: 
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detection, and plotting the coordinates of ground, surface, usdcr- 
water, air, and space objects and targets; 


cartography and terrain exploration; 
solving marine and air=-space navigation problems; 


homing of various strike weapons; 
physical investigations of substances and materials. 


Moreover, the specific features of passive radar are such that tasks 
that cannot, in principle, be performed by conventional radar and infra- 


red techniques, can be performed by this equipment. 
These tasks are primarily those of: 


all-weather astronavigation; 
all-weather detection of sources of thernal energy; 


noncontact me surement of the distribution of temperatures of objects, 
and study of their internal structures, 


There are many other cases in which the use of radar and infrared 
equipment is, in principle, permissible, but passive radar is used 
instead because of its advantages. The combination of absolute secrecy £95 
and the all-weather capability inherent in passive radar, for example, 


is extremely valuable for certain military uses, and the relative cheap- 
ness and reliability of passive radar equipment makes it so as well for 





the national econony. 


Interest in the miJitary uses of passive radar has increased in 
foreign countrics in recent years. Foreign military experts are of the 
opinion that one can expect passive radar to be used in particular for 
homing in tactical guided missiles, for air reconnaissance, and for 


determining the condition of the atmosphere. The navigational use of 


passive radar is coming in for a great deal of attention in foreign 
countrics. Thcre is, in particular, information about the development 

of passive radar ground speed measurers, and of vertical-data trans- 
mitters. The feasibility of using passive radars to seek out zones 

of increased turbulence in the atmosphere that could pose danger in high- 


-68- 








— 





PAN et... 


Se TAO AE Mptaons 


speed aircraft is under review. The most widely used types today are 

the airborne passive radars for scanning the terrestrial surface, and the 
principle has been applied to radioastronavigation instruments, radio- 
sextants, Passive radars for other purposes are for the most part in 

the experimental stage of their development. <A brief survey of those 
passive radars in use, as well as of the possible use that could be made 
of this type of cquipment follows, It has been compiled from materials in 
the open Soviet and foreign press, 


Passive radar for scanning ground and water surfaces. The first 
foreign experiments. in obtaining images of the terrestrial surface with 
passive radar date back to the beginning of the 1950's, approximately, 
during which the equipment used was comparatively primitive. These 
experinents, conducted in England, used an 8 mm passive radar with a 12 m 
diameter parabolic antenna, and a radiometer with a sensitivity of 
about 10°/sec. “he width of the antenna pattern was 0.5 degree, so the 
resolution at the sitt was 10 m when the aircraft carrying the passive 
radar was flying ct an .ltitude of 1200 m. 


This equipment was used to measure the apparent temperatures of 
different sections of the terrestrial] surface, and it was cstablished [96 
that the apparent temperature of metal surfaces is a maximum of 100°K, 
and that water has an apparent temperature of 150°K,. The apparent 
temperatures: of open fields, meadows, forests, fields, und crops are 
approximately 280°K, and the apparent temperature of concrete, and of 
similar materials, is estimated to be 260°K. Figure 41 is a tracing 
of the output signal from a radiometer, combined with the plan of the 
section of the terrain overflown by an aircraft carrying a passive radar. 
The area was not scanned in this flight plan. The antenna was pointed 
straight down, The horizontal] line on the plan is the trajectory along 
which the antenna pattern was moving, and since the horizonta] scales 
of picture and tracing are the sane, the signal strengths for the different 
sections of the terrain can be determined, The pips for the road and the 
canal can be seen quite clearly on the signal tracing, as can the differ- 
ence in signal levels when flying over the forest aid the field, 


successful experiments to obtain thermal radio images of terres- L97 
trial and water surfaces werner conducted in the United States in the 
early 1950's. The equipment used was in the 3.2, 1.25, and 0.8 cm bands 
and was based on conventional radars, The passive radars were installed: 
in aircraft and lighter-than-air ships. 1t can be assumed that these 
radars used siugle-line scan, judging from the appearance of the published 
images. Pen recorders were used as indicators, The images were of poor 
quality, but they did establish that it was possible to observe shorelines 
(Figure 42), and that the radar had an all-weather capability. 


Information about the addition to the arsenal of the U.S. Air Force 
of the AN/AAR-24 passive radar was published in 1961. This radar was 
said to make it possible to observe objects some 10 m in size from a 
flight altitude of 300 m, and large man-made and natural objects from L98 
an altitude of several thousand meters. 
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Figure 41. Tracing of radio brightness temperature along the line AB 
from an aircraft. 
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Thermal radio images of a shoreline (a) and charts of these 
same sections of the area (b), 


Figure 42, 


The United States built better passive surveillance radars in the 
years that followed. Included, for exanple, is the AN/AAR-33, the first 
information on which appeared in the American press in the summer of 1966, 
The circuitry and design of this passive radar used the latest achicve- 
ments of American passive radar techniques, so we shall take up the 
description of this passive mdar in somewhat more detail than usual. 
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The AN/AAR-33 radar uses the single-line scanning principle dis- 
cussed in the preceding chapter. There is but one receiving channel. 
The radiometer works in the 2 cm band, providing an overlap of a con- 
tinuous band of frequencies from 13.5 to 16.5 Glilz. The h-f passband thus 
exceeds 3 Gilz, providing greater response. 


The radiometer uses the modulation principle. An accurate pulse- 
type AGC is used to increase the accuracy with which the apparent temper- 
ature is measured. The carefully designed antenna accounts for the high 
performance characteristics of the radar. The antenna is a set of three 
identical parabolic reflectors mowited on a common shaft in such a way 
that the individual patterns are 120° apart. ‘Scanning is accomplished 
by rotating the antenna system about its axis, which is tilted approxi- 
mately 38.5° with respect to the horizontal plane (see Figure 43). ‘The 
reflectors measure 65 x 91.5 cm. They are made of plastic, and are 
strengthened by a honeycomb design that uses a polymer material. The 
conducting coating, which contains silver, is applied to the working 
side of the reflectors. The width of the pattern of each antenna is 
2.2 x 1.7°. The side lobe level is 25 dB, 


The scanning rate can be adjusted from 3 to 12 beam passages per 
second. The antenna is installed on a gyro-stabilized platform that 
provides antenna stabilization in the horizontal plane accurate to 0,25°, 
thus improving the quality of the image obtained of the region, 
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Figure 43. The An/AAR-33 antenna. a = general view. b - arrangement 
in a C-)30 aircraft, 





As scanning proceeds, each of the three scctions of the antema is  /100 
| connected in turn to the radiometer irput through a low-loss antenna 
switch. 


The switch design is based on that of a waveguide circulator, and 
the switch is electrically controlled. Maximum switching time is 50 psec. 
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j This same switch is used for the input of the AGC reference signal. 
i Switch operation and antenna rotation are so synchronized that a 

§ section with a pattern scanning the area from ~55° to +55° from the 
é vertical is always connected to the receiver input. 


i The switch, when the operating cycle for each of the sections is 
completed, commects the radiometer input to the standard noise signal 

source for calibration and forming the AGC pulse. This condition is 
maintained for 1/36 of the anienna rotation period, after which the next 
antenna section, the pattern of which has by this time reached the limit 
of the surveillance zone, is connected to the radiometer input. The 
complete scanning cycle, e::pressed in degrees of angle of rotation of 
the antenna, thus has the following forn: 


scanning by lst section ~ 310°, calibration 10°; 
scanning by 2nd section - 110°, calibration 10°; 
scanning by 3rd section - 110°, calibration 10°. 
The antenna drive is hydraulic. 


The passive radar has three units. The antenna unit, in addition 
to the antenna, contains the switch, the radiometer head with all the 
h-f stages, the detector, and the l-f preamplifier. The antenna unit is 
installed in the upper part of the C-130 aircraft's cargo hatch (sce 
Figure 43). The control signal generator unit contains the final stages 
of the radiometer, the synchronization stages, the signal amplifiers that 
produce the antenna stabilization signals, and the hydraulic installation 
for supplying the antcima drive mechanism, This unit is mounted alongside 
the antenna unit. The AGC circuitry, the computer into which navigation 
data are fed, and the stages for amplifying the output signals from the radio-~ 
meter that are used when the recorders are in operation, are installed 
in the set's control console, 


The radar uses two recorders. One, the plan recorder, records /101 
the thermal] radio map, the other, the amplitude recorder, makes an 
accurate recording of the apparent temperature along the scanning line. 
Jn addition, the signal trace is fed into a special magnetic recordcr. 
The AN/AAR~33 will detect objects, the radio brightness temperatures of 
which differs but little from the radio brightness temperatures of the 
background, It is pointed out, in particular, that if the target fills 
the antenna pattern's main lobe compJetely, all that is needed to detect 
the target is a radio brightness contrast with the background of about 
2.75°K. The accuracy with which absolute values of radio brightness 
temperatures can be measured is #5°K,. Figure 44 shows the images of 
different sections of a terrain obtained by the AN/AAR-33 passive racar. 
The pictures were obtained from an altitude of 360 m, which provides 
terrain coverage approximately 1,300 m wide. The dark sites on the pice 
tures are sections with higher apparent temperatures. The light sites 
are metal and concrete objects that are "colder" than the terrestria) 
surface. Note the fine detail of the images. The right-hand portions 
of the upper, and succecding, films clearly show the runways and taxi- /102 
ways of an airficld. <A sharp vertical road marker can be scen. Readily a 
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Figure 4h. Images of terrain obtained by the AN/AAR-33 passive radar, 


recognizable in the secend film alongside the road is the outline 
characteristic of a small settlement. A great many comparatively sma]] 
details can be seen on the third film, corresponding to a section of an 
agricultural area. The fourth film depicts a port arca. The coast, 
the port installations, and individual ships can be seen quite well. 


We should point out that the principal purpose of the AN/AAR-33 
passive radar is to monitor the ice situation in the interests of navi- 
gational safety, and not to map the terrestrial surface. 


However, the American experts suggest that it be used to solve 
certain purely military problems, such as recomaissance of a coast in 
areas in which amphibious landings will be made, for example. 


They are of the opinion that airborne passive radar for scanning 
the terrestrial surface can be used for battlefield reconnaissance, 
target designation, and mapping, as wel] as for detecting and delimiting 
forest fires. Success in using passive radar to detect the portions of 
the forest that were burning through dense smoke cover that neither light 
nor infrared rays could penetrate was attained while fighting big forest 
fires in the Los Angeles arca. 


Passive radars also can be used to sean the earth from spacecraft. 
It is in this area that such positive qualities of passive radars as 
economy and reliability come to the fore. The drawback in the use of 
passive radar, poor resolution, can b; overcome by using antemas with 
larger areas, including folding and inflatable ones. 


The United States developed a 2 cm passive radar that was installed 
in the Nimbus D satellite. This satellite, since it is in a polar orbit 
at an altitude of about 1,000 km, can see the entire surface of the globe 
successively. 


It is reported that this radar can measure the apparent temper- 


ature of the terrestrial surface accurate to 1°k, so it may be assumed that 


the radar's radioneter is similar to the solid-state, highly sensitive, 
radiometers described in chapter 2.) The passive radar carricd by the 
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Nimbus satellite uses a flat waveguide-slot antenna with single-line /103 
electrical scamming. The principal characteristics of this antenna are: 


working frequency 19.35 Gliz; 


TOPSITE I ee 





i scauning angle 450°; 
pattern width, half power: 
within a scanning angle of £30° - maximum 3°; 
within the limit of full scan = maximum 4°; 


antenna efficiency 0.74; 
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scattering factor 0.08-0.12 (depending on scanning angle); 


vr 


dimensions 45 x 45 x 7.5 cm; 
weight about 3.5 kg. 


An interesting feature of the passive radar is the use of discrete 
scan. The beam docs not move smoothly within the limits of the full 
deflection angle, but rather in steps, successive.y taking up 39 fixed 
positions. The developers think discrete scan should simplify coupling 
the passive radar to the telemetry equipment and make it easier to per- 
form the digital processing of the data obtained. 


The antenna is designed with 49 waveguide segments connected to the 
feeder waveguide. Hach segment has 36 slots, which are elementary 
antennas. Electrical scan is accomplished with the aid of controlled 
ferrite phase shifters installed in the wavcguide segment. The power 
requirement for controjling the phase shifters is a maximum of 9.5 watts. 


Passive radar has quite an important place in American plans for 
setting up systems that will perform reconnaissance functions from space. 
The foreign press indicates that these systems will use active and passive 


instruments that will cover the gwnut of electromagnetic radiation, from 
radio to ultraviolet waves, 


It has been reported, for example. that the United States wants 
to develop a & mm passive radar with an angular resolution of about 20" 
for installation in an artificial earth satellite by 1970. The antenna 
for this radar wil] have a lincer dimension of about 6 m. We should /\04 
point out that the cnergy relationships for a passive radar for sScan- ce 
ning the terrestrial surface from space vehicles are only slightly poorer 
than those for comparatively low-altitude passive radars. Actually, 
passive radars such as these operate in a mode for measuring the thennal 
radio relief, and as has been pointed out in chapter 3, in this mode 
the antenna temperature can be reduced by increase in range only as a 
result of atmospheric attenuation, the influence of which can be reduced 
to a minimum by selecting the band for the passive radar accordingly. 
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Foreign countries attach a great deal of importance to the use of 
airborne and water surface craft passive radars for sea surface search, | 
Sections of the land fronting on the water have quite a thermal radio 
contrast (100-150°K), so it is possible to detect the coast, islands, 
and the like, at quite long ranges when the sca is the background, 


Ships too can be detected quite well when the sea is the background. 
It has been established experimentally that ships observed at short 
ranges will have both positive and negative contrasts between different 
parts of the particuler ship when the angular dimensions cr the ship 
are greater than those of the passive radar antenna pattern, This phenomenon 
obviously is associated with heterogeneity of the materials of which the 
ship's superstructure is built, and this could make it possible to arrive 
at a decision as to the type of ship observed, 


Passive radar can be used to detect the wake, the temperature of 
which is several degrees higher than the temperature of the surrounding 
water, as well as the ship itself. Wake observations, in turn, make it 
possible to determine ship's course and speed. The wake is not confined 
solely to surface ships. Submerged submarines too leave a weak surface 
thermal trace. The United States has developed a special airborne 
passive radar for detecting submeiged submarines by this trace. The 
highly sensitive correlation radiometer in this passive radar has a 
quantun mechanical hef amplifier. One of the journal articles asserts 
that this passive radar solves the problem of 24-hour, all-weather detec- 
tion of submarines from aircraft in zones with an area in the thousands 
of square kilometers. 


Passive radar has bcen extremely effective in searching the sea /105 
surface during ice reconnaissance and in detecting icebergs. As is - 
known, ice is a good ahsorber in the centimeter and millimeter bands, 
and it is this fact that makes it very difficult to detect ice with 
active radars, Yet this very fact is what helps detect ice with passive 
radar equipment. The first experiments conducted by the United States 
used a very Simple 3 cm puSsive radar with a fixed 60 em parabolic antenna. 
The radiometer was one of the modulation type, and the receiver was a 
conventional superheterodyne with a passband of 5 Miu. This radar 
provided reliable detection of icebergs under cloudy conditions at 
ranges up to 600 m (Figure 45). Characteristic is the fact that the 
signal from the iceberg, which excecded the fluctuation threshold of 
sensitivity by a factor of almost 16, was observed at the radiometer /1.06 
output, yet this same iceberg did not show up on the passive sure - 
Velllance radar scope. 


The AN/AAR-33 passive radar has much greater capabilities for 
detecting seeberys, for it can detect ice protruding just a few centi- 
meters above the surface of the water. Moreover, currents can be traced 
on the images of the water surface if the currents carry ice particles, 
So it follows that radars that can search the sea surface can be very 
useful for a variety of hydrological studies, It should be possiblje to 
use passive radar to determine sea conditions, and to study the temper- 
ature regime of the sea surface, for cxample. 
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Figure 45. Iceberg and ship pips on a passive radar recorder tape. 
1] ~ altitude 150 m, flight below the clouds; 2 = altitude 
800 m, flight above the clouds; 3 = altitude 150 m, small 
iceberg; 4 = pip for smal] ship. 


A group of Soviet scicntists successfully performed experimental 
measurements of the surface of the Caspian Sea with a centimeter band 
passive radar in November=Decenber 1964. The original procedure they 
used yielded highly accurate measurements. Temperature values thus 
moasured were within 1,.5<2.5°C of true values. 


In concluding this section, let us not forget foreign developments 
LW passive radar with better resalution. Recent. rescarch has shown that 
waves in the 3m band unlorgo only slight attentuation when propagated 
within the Vimits of the carth's atmosphere under almost any kind of 
metcovological conditions (with the caxaception of rainy areas), so sone 
firms heve beguu to develop radiometric equipment in this band. An 
experinental model of a 3 mm passive radar was tested (working frequency 
94 Giz) and provided much sharper terrain images than those provided 
by centimeter band cquipment. This is completely in accordance with 
the laws involved because passive radar resolution is better by a factor 
of 10 in the 3 mm band than it is in the 3 em band Cantenna dimensions 
being equal). Figure 46b gs a thermal radio image of a lake surrounded 
by mountiagns and forests, obtained with just such a passive radar. 
Figure 46a is a photograph of the sane area. Details of the image are 
quite good, The American press emphasizes the fact that the quality of 
the image will not deteriorate, even under very dense fog conditions, /107 
when optical and IR equipments are completely uscloss. 


We should point out that the image in Figure 46b was obtained with 
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Figure 46. Mountain, lake, and forest. a - photograph; b ~ thermal 
radio inage on 94 GHz. 


a Single-channel radiometer, the signal from which was recorded on magnetic 
film and was, after amplitude analysis, used to form a two-dimensional 

picture of the radio brightness temperature. Development of a 3 mm band 
multichannel radiometer is in progress. Specifically, the feasibility 

of designing a mosaic receiver system consisting of 100 barrier diodes 
(Shottky diodes) is under study, The United States is developing /108 


passive radar equipment working on 140 and 250 GHz, in order to obtain 
even better resolution. 


So the frequency band used for passive radar has come very close to 
the submillimeter. But this does not mean that the longer wave bands 
will be neglected, however. There are reports of the development of a 


30 cm band passive radar, and it also is known that the United States 


recently conducted ground tests with a mever band passive radar, It is 


interesting to point out that in the meter band the radio brightness 


temperatures of cities have turned out to be unusually high, as high as 





20,000°K. This can be explained by the hign spectral density of the 
different types of industrial noise, the sources of which are concen- 
trated in cities, 
Use of Passive Radar for Naviqational Purposes 
Foreign specialists are of the opinion that passive radar can br 
an effective tool for use in navigation, by sea or in the air. Passive 


radars can be used, for example, to plot the coordinates of ships and 
aircraft, to measure speed, for dead reckoning, to prevent collisons 
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with obstacles, for landing aircraft in bad weather, and the like. 


The principal features of passive radars designed to solve various 
navigational problems are reviewed in brief in what follows, 


Radio sextants. <A radio sextant is a passive radar designed to make 
an accurate plot of tha angular coordinates of extraterritorial sources 
of radio radiation, The simultaneous measurement of the angular coordin-~ 
ates of several (at least two) sources by conventional astronavigation 
methods provides the latitude and longitude of the point at which the radio 
sextant is located. The altitude angle of the source, and its course 
angle, are selected as the angular coordinates to be measured. 


Modern radio sextants work on the prinaiple of automatic tracking 
in terms of angular coordinates, and all radio sextants described in the 
literature use conical scanning. /109 


The functional arrangement of the simplest radio sextant with conical 
scanning is similar to the arrangement of the pasSive tracking radar 
described above. 


The accuracy of the radio sextant is determined by the influence 
of fluctuating and dynamic errors caused by the relative angular dis- 
placement of the object on which the radin sextant is mounted, and of the 
source, the bearing of which is being taken, 


The most significant component of the dynamic crror usually is the 
object's own angular motion, 


The angular rate of rojl of small ships, for example, can be tens 
of degrces per second, and the anqular rate of rotation of the vertical 
Can be in units of minutes of are per secend, for high-speed objects. 
The angular rate of the earth's rotation is cqual to 15 minutes of arc 
per minute. 





An accurate plot requires measurements of angular coordinates, the | 
error in which should be a maximum of a fraction of a minute, so the time 
constant camot be linge where such high angular rates are involved, 


However, the faster components of the angular rate have absolutely 
no connection with the displacement of the carth with respect to the 
source on which the bearing is being taken, nor with the coordinates of 
the object on the earth's surface. So another device can be used toa take 
them into consideration, using the radio sextant for the slow components 
of the relative angular rate attributable to the errors in the device 
indicated, as well as by the wutual displacement in space of the earth, 
and the source on which the bearing is being taken. 


If the radio sextant antenna is mounted on a gyrostabilized plat- 
form, this platform, maintaining its position in space, "subtracts" the 
rapid components from the antema's relative angular rate, thus creating 
conditions for a longer averaging of the output voltage from the radio- 
meter. Jn this case, the upper limit of the 1-f filter time constant 
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is, for all practical purposes, determincd by the angular rate of the 
parasitic drift of the platform, which can be tens of degrees jer hour, 110 
as well as the time for the transient processes during target lock-on - 

locking onto the source of the radiation. 





Figure 47. The operating principle of the gyrostabilized radio sextant. 


Feedback is used in the system to compensate for drift in the gyro- 
stabilized platform. Drift creates an angular error which is measured by 
the radio sextant and used to correct the platform's gyroscopes. It is 
more convenient to design the installation so the sextant antenna will be 
stabilized with respect to a line connecting the center of the antenna 
with the center of the source on which the bearing is being taken, rather 
than with respect to the vertical, Figure 47 illustrates the operating 
principle of a radio sextant with this type of gyrostabilization. Deflec-~ 
tion of the source from the equisignal direction in the horizontal plane 
will cause an error voltage to appear at the phase detector output. This 
voltage is supplied to the torque motor, 4, in the azimuth channel, 5. The 
gyroscope begins to precess around an axis parallel to the Y axis, taking 


along the antenna base, 12, to which the antema, 13, is attached. The 
equisignal zone once again attempts to line up with the direction to the 
source on which the bearing is being taken. Once lined up, the error 

Signal at the phase detector output dis*,pears, gyroscope precession fll) 
ceases, and so too docs the motion of the autenna base. a 


Let us now suppose that an external disturbing torque acts on the 


‘object on which the radio sextant is mounted, trying to displace the 


equisignal zone into the plane of the azimuth. This torque causes the 
agyroscope, 5, to precess and this is accompanied by rotation of the 
gimba] in which it is suspended relative to the antenna hase. The gyro- 
scope gimbal is comected to the shaft of a selsyn transmitter, 6, the 
amplified output voltage of which is supplicd to motor J]. The torque 
developed by the motor, 11, is opposite in direction to that of the dis- 
turbing torque, and greater than it in magnitude, The result is to keep 
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the angular position of the antenna unchanged with respect to the direction 
to the source. An error in the vertical plane is haudled in exactly the 
same waye This part of the circuit uses gyroscope 8, torque motor 7, 
selsyn transmitter 9, and power unloading motor 10. The drawback in the 
Simplest radio sextant is that the power gyroscopes used as the stabiliz- 
ing elements are quite heavy and large. This is why a somewhat different 
- form of stabilization is used in practice (igure 48). This arrangement 
controls the position of the antenna with a special power drive, and the 
kinematic elements used for tracking and stabilization are separate. 
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Figure 48. <A ygyrostabilixed 
radio sextant. 





As may be seen from Figure 48, the antenna suspension sysiem consists 
of two suspensions (the inncr, 1, and the outer, 2), cach of which con- 
sists of two gimbals rotating around mutually perpendicular axes. The 
immer suspension is stabilized and functions only in the event of the /i\12 
appearance of external disturbing torques, and does so in exactly the same, 
; way as that described above for the simplest gyrostabi lized sextent, 

The power gyroscopes in the tracking systun have been replaced by a power 

drive. The signals supplicd to the power drive input come from contact 

4 transmitters when the gyroscopes precess as a result of deflection of the 

: axis of the equisignal zone fron the direction to the heavenly body in 
question. The outer gimbal drive is, in addition, connected to the com- 

pass transmitter, so the sextant will function normatly when the ship 
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3 krrors in measuring anguliav coordinates with the gyrortabi lized sexs 
tant have a two-fold dependence on the time constants The error in the 
bearing part of the instrument decreases with increase in T on the oie \ 
hand, aud error caused by drift of the gyroscopes jnereases with increase 4 
in T on the other. : 





Figure 49 shows the curves for these crrars as a funetion of t for 
one of the models of foreign 2 cm radio sextants. 


The farst radio sextants, built with comparatively Low response 
radiometers, were designed for sun work only. Combination Sun-Moon 
radio sextants subseyucntly were developed in order to increase the 
time of possible use of radio sextants, and attempts even were made to 
design radio sextants working on radiation from discrete sources, The 
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latter task was greatly co plicated by the low intensity of the radio 
radiation from discrete sources, the most powerful of which, Cassiopcia, 
emits radiation in the centimeter band that is less than that from the 
Moon by a factor in the hundreds, Accordingly, the rise in the antenna 
temperature when working with discrete sources is extremely low (less than 
0.01°K), and is at the limit of the capabilities of modern radiometric 
apparatus. 


And in this connection, errors in measuring the coordinates of dis- 
crete sources are high. 


A 4 em radio sextant, for example, found the altitude of Cassiopcia 
with an error of 40', The error in plo*ting the angular coordinates 
of the moon with this same sextant was 0.25'. 


See ee re ee menanenaned Seed 
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Figure 49. Angular rrdio sextant errors as a function of the 1-f filter 
time constant. a - working with the Sun; b + working with 
the Moon. Gyroscope drift: 1 - 3°/hr; 2 - 2°/hr; 3 = 1°/hr. 
Antenna diameter: A =~ 57.5 cm; B-~- FO cm; C = 91 cm. 








According to the information in the foreign press, ridio sextants 
are widely used in the navy and in aviation. The table lists data on 
som? forcign shipboard and airborne radio sextants. 


Forcign submarines also use radio sextants, Modern submarines filth 
have great endurance and can remain submerged for thousands of miles. 
Navigation is by dead reckoning, and characteristic of this type of 
navigation is a temporal accumulation of crrors. This is what has 
posad the task of developing a)1-weather cquipmem. for position fixing that 
does not require the sibmarine to surface. To this end foreign countries 
have developed special periscope radio sextants, the antenra systems and 
h-f section of which are installed in retractable domes. .v-caljled float 
radio sextanis also were designed for submarines. The atrcenna and the 
h-f head of the fJoat sextant are installed in a special airtight float- 
dome that is towed along the surface by the submarine, which is running 
submerged. The periscope radio sextant is part of the eguipment for the 
self-contained SINS navigation system instalJed in American nuclear sub- 
marines. 


The first models of airborne radio sextants appeared in the United 
States in 1953. They were solar radio sextants, designated the AN/SAN-25, 
operating in the 1.9 cm band. The sextant used a round parabolic antenna 
with a dianeter of 60 cm. Weight of the units comprising the instrument 
was 45 kg (nct including the gyrostabilizer). Radio sextants in the & mm 
band subsequently were developed for high-altitude aircraft. The mockup 
of one such radio sextant designed in the United States has a 38 cm 
diameter antenna and can measure the sun's angular coordinates with an 
error of about 1', 


Further development of the idea of a gyrostabilized radio sextant 
led to the designing of unified radicastroinertial navigation complexes. 
Examples of these complexes are the homing system for the American inter~ 
continental aircraft-missile known as Snark, and the SINS system already 
mentioned. Also known is the fact that the United States hus developed 
radioastronony systems for controlling the launching of missiles from 
surface warships. The system works in the 4&4 cm band, and can receive 
signals from 12 discrete sources, It has been proposed that similar 
systems be installed at United States missile test ranges. [115 

American specialists are of the opinion that radio sextants also 
can be used for navigation by radio radiation from satellites, as well as 
for the necds of space navigation, topography, and geodesy, 


Data in the foreign press suggest that future improvements in radio 
sextants will be along the following Jines: 


1. the developnent of Jow-noise radiometers using quantum 
mechanical and parawetric amplifiers; ; 


2. the development of millimeter band radio sextants. 


Passive radars for aircraft navigation. As we have pointed out 
above, it is impossible to make a direct measurement of the Doppler shift 
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in own thermal radie radiation by usisig a single-channel passive radar. 
Therefore, the proposal was made at an carly stage in the development of 
passive radar that in order to determine track speed the Doppler shifts 

in natura] radio radiations from nonterrestrial sources reflected from 

the terrestrial surface be measured, or that the spectrun of the l-f 

signal in terms of the scanning rate be used, /116 


Figure 50. Measurement of ground 
speed by Doppler shifts 
in intensifying radiations, 





The first mothod of me.suring grouid speed involves the installation 
on the aircraft of two bean antennas, the patterns of which are oriented 
down-forward and down-aft (Figure 50). The antennas receive radio radia-s 
tion from the sun, or cosmic radio radiation reflected by the terrestrial 
surface. Since these signals are the same "intensifying" signal with 
different Doppler shifts, the difference Doppler shift, which is propor- 
tional to the aircraft's ground speed, can be isolated. 


PS > -" 
/ 
‘| 
ae 
tp Fee 
[—~.~* Figure 51. Measurement of ground 
[~-- Centon 
if speed by the spectral 
i } analysis of output 





signals, 
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The second method for measuring greund speed has the pattern oscillate 
back and Jorth in the verlical plane at a strictly constant angular rate 
(Pignre 51}. In this seaming method search is at the rate W + 2! when 


the antenna pattern is moving forward, aud at the rate W « OH when the 
pattern is moving aft. : 


The Spectra of antenna temperatures too will differ when the patterns 
are woving forward and aft, and this difference will depend on the magni- 
tude of the ground speedy, 


The possible methods for measuring ground speed described have been 
simplifiel on the assumption that only one component of the ground speed 
vector need be measured. VDetcrmination of the second component requires [117 
an dnerease in the ivanber of amvennas, just as is the case in radar 
(Doppler) ground speod measurers. 
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There were reports in the foreign press in 1966, to the effect 
that the United States was looking into the feasibility of using passive 
radar to provide navigational support to aircraft and helicopters of 
Army aviation. As these reports pointed out, it was believed to be 
completely feasible to develop passive radars to automatically track 
ground landmarks, as wel] as passive radars for measuring speed and 
altitude. One article describes a speed measuring method based on using 
a two-channel passive radar with a correlation receiver. 


Figure 52. Principle involved in measur~ 
ing ground speed using two- 
channel reception, 





The antenna patterns associated with each of the chamels are 
oriented as shown in Figure 52. If both patterns lie in the vertical. 
plane passing through the ground speed vector, changes in radio bright- 
ness temperatures recorded by the after chanel will have a temporal 
lag with respect to the changes recorded by the forward channel of 


TF H sin o/W. 


Since angle « is known, the relationship between altitude and speed can 

be determined by determining the lag time with a correlation receiver and 

an adjustable delay line. Flight speed can be found when the altitude /118 
is known, ~ 


Figure 53 is the functional diagram of a passive radar for measuring 
ground speed, 
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Figure 53. Functional diagram of a twoechannec) ground speed measuwrer,. 
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Passive radar techniques also can be used for spacecraft navigation. 
Of greatest interest bere is the design of thermal radio horizon sensors 
for orienting spacecraft in orbital flight. As distinguished from the 
presently used IR horizon sensors, the thernnal radio sensors are not 
affected by the noise in the reflection of solar radiation from the /1\19 
clouds covering the earth, so can provide greater below the horizon a 
tracking accuracy. 
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. Two types of such sensors have now been developed, follow-up and 
scanning. The drop in the radio brightness temperature between earth 
and sky causes follow-up sensors to generate a signal that reverses 
antenna direction. This produces osciliating antenna patterns in the 
vicinity of the horizon, Scanning sensors measure the time-dependent 
position of radio brightness temperature pulses that occur as the antenna 
pattern passes through the "sky-earth-sky" line and form the corresponding 
error signals. This is the principle underlying passive radars designed 
to warn the aircraft that it is in danger of hitting various obstacles, 
A signal, the phase of which depends on the apparent angle of the horizon, 
is formed when the forward hemisphere is scanned in the vertical plane 
by a narrow, ncedile beam. The horizon angle, and its rate of change, 
thus can be determined. Flight safety is guaranteed when these magni- 
tudes are kept within prescribed limits (Figure 5/4). 
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Figure 54. Passive radar operating principle ensuring overfliglt of 
obstacles. 


the United States is studying the feasibility ¢ using passive radars 
in landing systems, and in particular for setting aircraft down on a run- 
way. It has been established that concrete runways can be seen reliubly 
by a 3 om passive radar, even in heavy rain (25.4 mm/hr). It is suggested 
that "cold" or "hot" markers be installed along the edges of a runway /120 
to improve passive radar visibility. a 





Detection of Air-Space Ohjects By Passive Radar. Use of Passive Radar 


for Maissaije Homi tty 6 


The first reports of the development of passive radar for air space 

3 surveillance appeared in the foreiqn press in 1959. Under development 

3 abroad today ave passive radar equipments for detecting space, as well 
as air, objects. The United States, for example, is engaged in research 
In the Seastbility of using passive radar t~ detect ballistic missile 
warheads atl the time they enter the atmosphere. As is known, a body 
entering the atmosphere at high speed will heat up very greatly. A high- 
temperature plasma layer forms on the surfaces of such bodies, and this 
causes intensive thermal radio radiation, while simultancously reducing 
sadar contrast. The jet engines installed in modern high-speed aircraft 
are powerful sources of radio radiation. The acrodynanic heating of the 


= cy 6- 











PE 
ae alt ellis 


FIO ae, 


skins of high-speed aircraft also contributes to increasing thermal radio 
radiation. These are the principles that give American experts reason 

to believe it is feasible to use passive radars for homing air-to-air 
missiles, The passive radar coordinates of homing missiles have two great 
advantages as compared to those obtained using conventional radar. One 

is the high degree of stability when working at short ranges (because 

the harmful effect of "scintillation" is absent). The other is complete 
secrecy. It is this latter advantage that is particularly important 
because it deprives the enemy of the possibility of gencrating effective 
spot jamming. 


And it is considered that the possibilities for using passive radar 
in air-to-surface missile homing systems are good, The relative ineffec- 
tiveness of existing guidance systems has forced the American Army to 
begin the development of a series of guidance systems that utilize new /121 
physical principles. The work along these Jines has becn combined into a 
a special program, 679A, one of the main purposes of which is to develop 
passive radar for air-to-surface missile guidance systems. The United 
States Navy also has placed an order for a passive radar guidance system, 
the final section of which will operate in the millimeter band. The 
antimissile defense forces in the Unisted States are showing an interest 
in passive radar guidance systems, and they are of the opinion that 
miniature target coordinates, acting on the passive principle, are needed 
for antimissile defense systems, 
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Figure 55. Construction of an anlemma for a passive radar homing bead, 


A number of American firms already have developed the basic com 
ponents for passive radar guidance systems, Spies General, for example, 
has produced a SH head designed form use in an atr-to-surface passive 
radar system. The head contains a multibeam horn-lens antenna that is 
wel] within the limits of the missile dimensions, One Jens, in the form 
of a cylindrical ring (Figure 55), forms all beams, The head san be very 
simply butted to the adjacent missile compartments because the outside 
diameter of the Tens is equal to the diameter of the missile body. 
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A cylindrica) unit of Yorn radiators, located inside the Tens, is 
used to form the individual patterns. The horn vadiator rulers are 
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positioned along the generatrices of the unit's cylindrical surface. The 
antenna uses a total of 60 such rulers, each of which contains 24 radia- 
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tors, Circular scamming is accomplished by switching the feeder flanges 

of the waveguides for the rulers. Scamming in the plane of the gencratrix 

“+ is accomplished by intreducing phase shifts between the horns of like 
rulers. 


ar 


Also suggested is the use of passive radars to detect satellites 
and. nuclear bursts in space. Calculations made using the fornaulas cited 
in chapter 3 show that the range at which air-space targets can be 
detected can vary from a few kilometers to several tens, and even hun- 
dreds, of kilometers. 


Scientific Applications of Passive Radar 


Passive radar (radiometric) methods are widely used in plasma research 
to determine radiation intensit electron densit and other plasma 
’ ’ p 
paraneters. 


Passive radar has beeninuse for several years now in physical research 
in the atmosphere, Study of thermal radio radiation from the atmosphere, 
and of absorption in the atmosphere of extraterrestrial radiation, will 
yield data on the distribution of temperatures in the air masses, on the 
nature of turbulence in the atmosphere, on the concentration of water 
vapors, and so on, Use of passive radar in meteorology will make for 
better research in the structure of cloudiness, storm fronts, and the 
different types of precipitation. There is information about the success- 
ful use of passive radar at some of the metcorological stations in the 
United States. 





Sone time should be taken to discuss, in particular, the use of 

passive radar in geophysics and hydrology. Foreign countries began to 

4 use passive radar to research terrestrial rocks several years ago. The 

7 effectiveness of passive radar as a geophysical too) can be explained £123 
by the fact that the thermal radio picture cf the terrestrial surface 

can "tell" the scicutists the physical temperature of the terrestrial 

3 surface, as wel] as a qieat deal about many of its other Features, Includ~ 
ing sojl properties and moisture, and so on. Highly important is the 
fact that passive radar methods can be used to study the terrestrial 
surface in the winter time, particularly to determine the thickness of 
the snow and ice coverings of different sections of the land and water 
areas. 


aSsSive Yadar can be used in hydrolocical research to determine 
“water temperature an the directions of current flows, as well as to 
determine sea state. 


Passive radar has made quite a contribution to the study of the 
physical structure of the atmo:phere. Here it is Soviet scientists who 
have played a leading role. Jn recent years caey have made a series 

; of studics of thermal radio radiation from the atmosphere in the centi- 
' meter and millimeter bands, 


In conclusion, let us pause to consider one intriquing prospect of 
the use of passive radar in physicotechnical research. There are many 
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branche of science and engineeriug where a real problem is that of measur- 
ing the distribution of temperatures over the interior volume of various 
physical bodies. This problem usually is resolved by installing contact 
temperature sensors at the points where measurements must be made. There 
are serious inconveniences in this solution in the majority of cases, 

and there are times when it is absolutely impossible to use this approach. 
The use of noncontact temperature measurers in the IR baud is precluded 
because of the heavy attenuation of infrared radiation in the majority of 
solid bodies, 


However, many solid bodies have low conductivity, so do not greatly 
attenuate radiation at radio frequencies. Therefore, thermal radio 
radiation emanating from deep within these boiies is propagated beyond the 
limits of the bodies, and we can determine the temperatures in the various 
sections of the body under study by measuring radiation intensity. Need- 
less to say, this dves require the use of special antennas that can 
Separate the components emanating from strictly localized sections of 
the space from the total emission. 
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The potentials of passive radar are by no means limited to those 
discusscd above. There are those in foreign countries who believe that 
passive radar can be used to advantage in secret communication systems, 
in warning systems for quarded territories, and in solving many other 
technical problems, 


Comparative Features of Passive Radar Conventional Radar, and Lufrared 


Kg uipmene in Brief 


We have familiarized ourselves with the physical bases of passive 
radar, and with the clements involved in its engineering. But if we are 
to judge the feasibility of using passive radar for some one particular 
purpose, we must have a good understanding of the advantayes and dis- 
advantages of passive radar as compared with conventional radar and infra- 
red dircetion finding. 


Presented in bricf in what follovs are comparative features of the 
main propertios of passive radur, conventional radar, ‘nd infrared ecyuip-= 
nent that cen be helpful in evaluating the feasibility of using passive 
cadar to perform sporcific tasks, 


The properties wnat will be compared will be taken up in the follow. 
ing order: (1) nature of possible targets; (2) range: (3) influence of 
meterological conditions on range; (4) measurable coordinates of targets; 
(5) accuracy and resolution in measuring coordinates; (6) noise immunity; 
(7) reliability; (@) dimensions, weight, power consumption; (9) manu- 
facturing cost and operating costs. 


Nature of possible targets and anflucnce of backgrounds 
The most favorable case that can be confronted by a passive radar 


is that of approximately cqual apparent temperatures of object and back- 
ground, 
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The primary targets for infrared equipment are bodies with an elevated 
thermodynamic temperaturc. If these bodies do not have high conductivity 
they create intense thermal radio radiation. [125 


assive radar can have an advantage over IRN is. truments if the thermo- 
dynamic temperature of object and background are low because the response 
of the IR instruments decreases rapidly with decrease in tempcrature, 


Conventional radar kas an advantage over passive radar in detecting 
weakly radiating objects against "cold" backgrounds, while IR techniques 
have better capabilities for detecting heateradiating, conducting objects. 


Passive radar range is greatly dependent on target size, and on its 
contrast with the background, 


Passive radar wil] show greater renge than conventional] radar and 
infrared equipment when working with large targets with greater contrast. 


The literature indicates that the simplest atrborne passive radars 
can detect ice against the background of the sea at a greater range than 
can airborne panoramic radars. 


Passive radars that measure the thermal radio relief too can have a 
long rauge because there is little dependence of signal level on range 
in this case. 


There is no question of the fact that conventional radar has the 
advantage when it comes to detecting good reflecting, but weakly radiating, 
objects, because in this cane the acceptable signal level can be achicved 
at moderate transmitter pover Jevels,. 


Passive radar range can be longer, or shorter, than that of JR 
instruments, depending on the nature of the tarqet (see above). 


liflucnce of metcaorolagical conditions 


Passive radar is only slightly subject to the influence of metcoro-~ 
logical) condition: as campared to conventional radar, because in the 
case of the passive radar the propagation of energy 31s unidirectional. 


From this point of view, jufrared teclmiques generally cannot conm- {126 
pete with radiotechnuical cquipment because IR equipment camot even cope 
with dense fog, Jet alone cloudiness and precipitation. 


Measurable coordinates of targets 
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Conventional radar is better than passive radar when it comes to 
measurable coordinates, becwuse singleschamel passive radars cannot 
measure rangee Moreover, passive radars, as distinguished srom con- 
ventional radars, cannot directly measure the speed at which objects 
observed are moving. 
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However, interferometer passive radars can measure the difference 
in Doppler shifts proportional to the angular rate of displacement of 
the target, something that is impossible for IR instruments to do. 


Accuracy and reso)ution 


Passive surveillance radars can be compared with cenventional sur- 
veillance radars when it comes to the accuracy with which anqular coor- 
dinates can be measured, and can be even better than the latter if inter- 
ferometer methods, or complex antenna arrays of the "cross" type, are 
used, 


The accuracy of passive tracking radars obviously can be somewhat 
better than that of conventional tracking radars because passive radar 
is not subject to the "scintillation" effect. 


Passive radars are not nearly as accurate in fixing range as con-~ 
ventional radars, and are poorer at doing so than 1R equipment. 


The angular coordinate resolution of passive radars is of the same 
order of magnitude as that of conventional radars because in both cases 
this magnitude is determined by the angular dimensions of the antenna 
pattern. 


We should point out that this docs not apply to airborne passive 
surveillance radars that use che principle of temporal synthesis of 
antennas. Their resoluiion js extremely high, approaching that of 
optical observation equipment. 


IR instruments too are better than passive radars in terms of angular 
resolution, IR direction finders, as is known, can have a resolution 
of the order of minutes, something not yet achieved in the case of passive 
radars, 
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The relative noise immimity of passive radars can be confirmed as 
follows, 


On the one hand, passive vadars are much more susceptible to the 
influence of noise than are conventional radars because of their high 
degree of sensitivity, the broadband nature of the receiving equipment, 
and the absence in this equipment of frequency-time selection, On the 
other hand, passive racars unquestionably have the advantage over con- 
ventional racess with respect to organized noise, Passive radars, 
because of the complete sccrecy with which they work, cannot. be janned, 
by frequency spot jamming, or by radio relay janming. Morcover, there 
no longer is the threat of the enemy using means of destruction that can 
home in on the radiation from radiotechnical equipment. 


The noise immunity of IR equipment is less than that of passive 
radars because artificial noise can be generated in the IR band, 
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Reliability { 


It is difficult to make a completely comparative evaulation of 
reliability because of the many desigu differences in passive radar, 
conventional radar, and infrared equipment. We therefore will assume 
that those subassemblics and components thal’ are conmon te all three are ; 
equally reliable. 


Given this assumption, it can be asserted that passive radars are 
much more reliable than conventional radars. 


The following can be asserted on the basis of available data on the 
reliability of individual components: 


le passive radars, as compared to conventional radars, have fever, 
and more reliable, components. 


Indeed, the reliability of the antenna-feeder installation for passive 
radars is greater because there is no danger of the breakdown that exists 
in the case of conventional radars, The reliability of the radiometer 
is greater than that of the conventional radur receiver, because the latter 
usually is rore complicated. 


Finally, the reliahility of conventional radars doteviorates /128 
because of the presence of a synchronizer, transmitter, and T-R switch. 


We should point out that the jimtroduction of the latest semiconductor 
and molelectronic techniques shoutd make it possible to increase the 
reliability of passive radars even further, because eleatvavacuum parts 
can be done away with conpletely, something that is impossible in the 
case of conventional radars; 


2. passive radars and IR djrection finders are comparable in rclie 
ability because while the clcectronic section of the IR direction finder is 
simpler, it usually includes comparatively Jowereliability Gptical scan- 
hing and receiver cooling systems, 


Dimensions, canipmont weiaht, power required Srom supyly sources 

The Qinenstons and wetaht of passive radars are lees than those of 
conventions) radars becouse passive redars do not neces such heavy and 
ciunbersome Mutts as a transmitter and synchroniacre 


The weight and size of passive radar antennas can he somewhat higher, 
howevel. 


Passive redar power requirements are much lower because there is no 
transmitter. 


We should point out that in the future passive radars can be bolt 
entirely from semiconductors (using parametric amplifiers as the hes 
amplifiers, for exsuple, semi-conductor diode frequency mul ipliers as 
pwap oscillators, and tunne) diodes as heterodynesJ.e These passive 
cadars wilh require verg Little power from supply sources. 
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So far as IR instruments are concerned, their weight, dimensions, 


and power consumption are of the same order of magnitude as those for 
passive radars, 


Equipment cost and_ economy of operation 


We already have pointed out that passive radars have fewer, and 
simpler, components then conventional radars. This means, of course, 
that passive radars are cheaper to build than conventiona] radars. In 
this regard, passive radars can have an advantage over special IR 


equipment as wel], because the latter require cxpensive optical systems 
and radiation receivers. 


So far as operating costs are concerned, here too passive radars 
have an advantage over conve.tional radars because, first, they require 
much less energy from supply sources, and, second, they can be serviced 
and repaired by less qualified persommecl. We also should point out that 
passive radars have no need for equipment te protect service personnel 
against h-f radiation, equipment that adds *. operating expenditures. 


IR instruments can be equated to passive radars from an operation 
point of vicw. 


Passive radar is a young branch of radioelectronics, so it is only 


natural that its practical achievements still lag behind its theoretical 
capabilities, 


Nevertheless, the process of vapid introduction of passive radar 
equipment into the various branches of military affairs and the national 
economy has already beguu,. 


This last chapter has shown that passive radars can be used 
fully in a number of radioelectronic complexes for surveillance, 
gationual, and other purposcs. 
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Passive radars also have been calicd upon ‘to meet the demands of 
rapidly developing astronautics, where the use of passive radars in many 
cascs is more advantaqcous thaa using conventional radars because of the 
advantages to be gaincd in overall] dimensions, equipment weight, and 
electric power consumption. 


Good results have been obtained in many peaceful applications of 


passive radar, in the fields of geophysics, hydrology, and neteorology, 
in particular. 


Finally, it is impos.ible to forget still another intriguing pros- 
pect of passive radar; its potentials for use in making noncontact 
measurements of internal temperatures of 
something that is very important in many 
ant ina nurber of the applicd sciences. 


various hodjes and objects, 
areas of industry, medicine, /130 


Finally, an indispensable condition for the widespread use of 
passive radar is further technical progress, 
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ilere the task of mastering new, shorter frequency bands, the 
development of new models of broadband, low-noise, h-f amplifiers, seek~ 
ing ways to build passive radars more rationally, and new methods for 
signal processing and measuring coordinates, is an extremely urgent one. 


8 All of this will make it possible to bring passive radar performance 
indices close to those potentially attainable. 
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